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ABSTRACT 

Myeloproliferative Neoplasms (MPNs) are stem cell derived hematological cancers 

characterized by a clonal hematopoiesis and an increase of differentiated blood cells of 

the myeloid lineage. The following thesis focuses on BCR-ABL1-negative MPNs, namely 

essential thrombocythemia (ET), polycythemia vera (PV), and primary myelofibrosis 

(PMF). Several phases of disease evolution in MPN are recognized. Patients often present 

with a chronic phase defined by a stable disease course and appearance of somatic 

mutations. Disease driving mutations in JAK2, CALR, and MPL are found in the majority 

of ET, PV, and PMF diseases and shape the phenotypic landscape of MPN patients. 

Patients without mutations in MPN driver genes are referred to as ‘triple-negative’ and 

represent a group of patients with unmet need for concise diagnosis. Patients can progress 

from a chronic to an accelerated phase or to a blast phase (secondary acute myeloid 

leukemia sAML) defined by an increase in genetic complexity and worse survival. Most 

therapeutic interventions treat patient symptoms and do not eradicate the MPN disease 

cell.  

Whole transcriptome sequencing was performed on granulocytes RNA of 104 chronic 

MPN and 9 patients transformed to secondary AML. Several established and novel 

computational workflows were applied for determining clonality in granulocytes, calling 

and filtering fusion genes, single nucleotide variants (SNVs) and insertion and deletions 

(Indels), exploring aberrant splicing, and for discovery and systematic mining of 

neoantigens on our transcriptome dataset of MPN patients. The extent of granulocyte 

clonality was estimated in female MPN patients and thereby an alternative clonality assay 

was introduced, inclusive for all females and for the diagnostic benefit of triple-negative 

patients. The mutational landscape of the transcriptome of MPN patients was explored 

and characterized. A scarce number of non-recurrent fusions was found in chronic and 

secondary AML patients. MPN patients have a complex landscape of SNVs and indels 

with high frequency of SF3B1 mutations in PMF patients. Analysis of splicing defects 

identify aberrant 3’ splicing as the most common splicing alteration in SF3B1 mutated 

PMF patients. A list of genes with putative protein altering defects caused by mis-spliced 

exons was described. Finally, all protein altering defects were collected and binding 

affinity was predicted for MHC class I molecules to 8, 9, and 10 mer peptides derived 

from altered proteins of different mutation classes. Putative neoantigens derived from 

CALR and MPL mutations were found. In general, 62% of MPN patients showed evidence 

of recurrent neoantigens providing a potential usage for targeted immunotherapy. 



 

     v 

ZUSAMMENFASSUNG 

Myeloproliferative Neoplasien (MPN) sind eine seltene Form von Blutkrebsarten, die 

ihren Ursprung in defekten Stammzellen haben. Einige Besonderheiten sind ihre klonale 

Blutbildung (Hämatopoese) und eine Überproduktion von ausgereiften Blutzellen der 

myeloiden Entwicklungslinie. Die vorliegende Doktorarbeit befasst sich mit den BCR-

ABL1 negativen MPN Krankheiten. Diese sind Essentielle Thrombozythämie (ET), 

Polycythämia vera (PV) und Primäre Myelofibrose (PMF). MPN Erkrankungen 

durchlaufen unterschiedliche Phasen. Meistens werden Patienten in einer chronischen 

Phase diagnostiziert, die sich durch einen stabilen Krankheitsverlauf definiert. In dieser 

Phase werden somatische Mutationen in den Genen JAK2, CALR und MPL in mehr als 

90% von MPN Patienten gefunden. Diese sogenannten MPN spezifischen Mutationen 

tragen zu phänotypischen Ausprägungen der Krankheit bei. Patienten, die keine Mutation 

in diesen Genen aufweisen, werden als dreifach-negativ (‚triple-negative‘) bezeichnet. 

Die diagnostische Aufarbeitung dieser Patientengruppe wird durch diese Eigenschaft 

erschwert. Einige Patienten können von einem chronischen zu einem progressiven 

Krankheitsbild (‚accelerated phase‘) voranschreiten. Bei manchen Patienten kann 

zusätzlich eine sekundäre akute myeloide Leukämie AML (‚blast phase‘) auftreten. In 

beiden Fällen führt dies zu einem Anstieg an genetischer Komplexität und einer deutlich 

reduzierten Überlebenswahrscheinlichkeit. Die Mehrheit der therapeutischen 

Maßnahmen behandelt die Symptome der Patienten und befasst sich nicht mit der 

Ursache der Erkrankung, nämlich der defekten Stammzelle. 

In dieser Doktorarbeit wurde an einer Kohorte von 104 chronisch erkrankten MPN 

Patienten und 9 weiteren Patienten mit progressiver sekundärer AML‚ whole-

transcriptome‘-Sequenzierung an Granulozyten RNA von Patienten durchgeführt. 

Verschiedene rechnergestützte Verfahrensschritte (‚workflows‘) wurden etabliert, um 

Klonalität in Granulozyten zu ermitteln, um Fusionsgene, Einzelvarianten, Insertionen 

und Deletionen in unseren Sequenzierdaten zu finden, um Defekte im Spleißen von 

Exonen zu detektieren und schließlich um potenzielle Neoantigene in unseren Daten zu 

identifizieren. Mit diesen workflows war es möglich einen neuen alternativen Weg zur 

Ermittlung von Klonalität in Krebszellen aller weiblichen MPN Patienten zu beschreiben. 

Insbesondere wird ein großer Nutzen für die Diagnose von dreifach-negativ Patienten 

erwartet. In chronisch sowie sekundär erkrankten AML Patienten wurde eine kleine 

Anzahl an nicht-rezidiven Fusionsgenen gefunden. Diese Doktorarbeit beschreibt eine 

komplexe Landschaft an Mutationen und eine hohe Häufigkeit an Mutationen im Gen 
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SF3B1 in Patienten mit PMF. Eine Analyse von Defekten im Exon-Spleißen von 

Patienten mit SF3B1 Mutationen, definiert anomales 3‘Spleißen als den am häufigsten 

auftretenden Defekt. Viele dieser Defekte führen zu potenziellen Veränderungen in der 

Aminosäuresequenz eines Proteins. Alle bisher genannten Mutationen wurden in dieser 

Arbeit gesammelt, um schlussendlich Neoantigene zu identifizieren. Die Bestimmung 

von Neoantigenen beruht auf rechnergestützten Vorhersagen von Peptiden und MHC-I 

Molekülen, die spezifisch für jeden Patienten sind. Damit konnten Neoantigene in 

Patienten gefunden werden, die von CALR und MPL mutierten Proteinen stammen. 

Zusammengefasst konnten Neoantigene in 62% aller MPN Patienten ermittelt werden, 

Dieses Ergebnis stellt eine vielversprechende Ressource für personalisierte 

Immuntherapie für MPN Patienten dar. 
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1 INTRODUCTION 

Myeloproliferative Neoplasms (MPNs) encompass several heterogeneous diseases 

arising from somatic mutations in hematopoietic stem cells. According to the 2016 World 

Health Organization (WHO) classification of myeloid neoplasms, MPNs comprise seven 

groups of hematologic malignancies: Chronic myeloid leukemia (CML), chronic 

neutrophilic leukemia (CNL), polycythemia vera (PV), primary myelofibrosis (PMF) 

(prefibrotic and overt PMF), essential thrombocythemia (ET), chronic esosinophilic 

leukemia (CEL) and unclassifiable MPNs (MPNu) (Arber et al., 2016). In 1951, 

Dameshek was the first to group these diseases with overlapping clinical and laboratory 

features together. He introduced the term “myeloproliferative disorders” to describe 

CML, PV, ET, and PMF which are often referred to as the four “classic” MPNs 

(Dameshek, 1951). CML has a disease defining oncogenic fusion BCR-ABL1, caused by 

a translocation between chromosome 9 and 22. The following thesis will focus on novel 

methods and workflows for using transcriptomic sequencing data of BCR-ABL1 negative 

MPN patients for diagnostic and therapeutic applications. Therefore, this introduction 

will briefly review in section 1.1 the clinical features of PV, PMF, and ET patients as 

well as patients that progressed to acute myeloid leukemia (sAML) from a previous MPN. 

Furthermore, section 1.2.1, 1.2.3, and 1.2.4 describe the genetic characteristics of these 

malignancies used for diagnosis and prognosis. Absence of genetic characteristics 

requires other criteria for diagnosis such as presence of clonal markers. The quest for 

biologic markers of clonality will be reviewed in section 1.2.2 of the introduction. Finally, 

the last section 1.3 will summarize current and future therapeutic strategies and their 

caveats as well as novel treatment opportunities in the field of cancer immunotherapy for 

MPN patients. 
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1.1 Clinical features and diagnostic criteria of myeloproliferative 

neoplasms 

PV, PMF and ET (or collectively referred to as MPNs) are chronic hematologic 

malignancies characterized by a clonal hematopoiesis and excessive production as well 

as clonal expansion of terminally differentiated cells of one or more of the myeloid 

lineages (e.g. erythroid, granulocytic, and megakaryocytic) (Swerdlow et al., 2017). The 

MPNs are diseases of the elderly, with the highest incidence between 50-70 years of age 

and a worldwide annual incidence of 0.44-5.87 cases per 100.000 population (0.84, 1.03, 

0.47 for PV, ET, and PMF, respectively) (Titmarsh et al., 2014) . Younger patients have 

been observed in cases with familial clustering of MPN suggesting underlying germline 

mutations (Bellanne-Chantelot et al., 2006). Evidence of germline predisposing factors 

influencing MPN pathogenesis have been reported, but these are rare and only explain a 

small proportion of familial MPN (Rumi and Cazzola, 2017). MPNs are often described 

as indolent cancers with an unobtrusive onset and relatively stable disease course. 

However, these malignancies have a tendency to progress in disease severity due to bone 

marrow failure caused by fibrosis, malfunctioning hematopoiesis, or transformation to 

acute myeloid leukemia (AML) characterized by an acute blast phase (Abdulkarim et al., 

2009).  

1.1.1 Polycythemia vera 

Polycythemia vera patients have increased production of red blood cells (RBC) and 

therefore high proliferation of cells of the erythroid lineage, but also of granulocytes and 

megakaryocytes (panmyelosis) (Swerdlow et al., 2017). Increase of cell mass, in 

particular RBC mass, leads to thickening of the blood (increased blood viscosity) and is 

the major cause of symptoms related to PV, which are hypertension or vascular problems. 

Vascular abnormalities include venous or arterial thrombotic events (e.g. deep vein 

thrombosis, myocardial ischemia, or stroke) (Marchioli et al., 2005; Swerdlow et al., 

2017). Other frequent symptoms include headache, visual disturbances, dizziness, 

paraesthesia, and pruritus. Additionally, patients often present with palpable 

splenomegaly and hepatomegaly (Elliott and Tefferi, 2005; Swerdlow et al., 2017). 

Diagnostic criteria require the inclusion of major and/or minor criteria (Table 1) (Arber 

et al., 2016; Swerdlow et al., 2017). A major criterion is the presence of a JAK2-V617F 

or JAK2-exon12 mutation which is found in up to 95% of PV patients (Figure 1) (Baxter 

et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al., 2005). Two phases 

of PV are generally accepted, a polycythemic (PV) phase and a post-polycythemic 
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myelofibrosis (post-PV MF) or spent phase. While the PV phase is characterized by 

clinical features described in Table 1, the post-PV MF phase is associated with inefficient 

hematopoiesis resulting in cytopenia and anemia, bone marrow reticulin and collagen 

fibrosis, extramedullary hematopoiesis and hypersplenism (Swerdlow et al., 2017). 

Further progression to accelerated phase or MDS are possible and are accompanied with 

an increase of peripheral blast cells. A percentage of blast cells of  ≥ 20% requires a 

change of diagnosis to blast-phase post-PV MF, or formally acute myeloid leukemia 

(AML) (Arber et al., 2016).  

Table 1: Diagnostic criteria for MPN according to the 2017 World Health 

Organization (Arber et al., 2016; Swerdlow et al., 2017). Abbreviations: P-PMF 

(prefibrotic/early myelofibrosis), O-PMF (overt myelofibrosis). 

 

1.1.2 Essential thrombocythemia 

In essential thrombocythemia the main cell lineage involved is the megakaryocytic 

lineage. A persistent thrombocytosis (platelet count ≥ 450 x 109/L) in the peripheral blood 

is a major criterion for diagnosis. Other major criteria (summarized in Table 1) include 

bone marrow biopsies with occurrence of large megakaryocytes and presence of 

mutations in either JAK2 (in 50-60% of ET patients), CALR (~30%), or MPL (~3%) 

(Figure 1) (Arber et al., 2016; Swerdlow et al., 2017). However, absence of strong disease 

Criteria
PVa ETb  PMFc

P
-P

M
F

O
-P

M
F

Megakaryocytic proliferation and atypia, x x

without reticulin fibrosis grad >1, x

accopanied by reticulin and/or collagen fibrosis 

grades 2-3,    

x

2. Bone marrow biopsy showing age-adjusted 

hypercellularity with trilineage growth 

(panmyelosis) including prominent ery-throid, 

granulocytic, and megakaryocytic 

proliferation with pleomorphic, mature 

megakaryocytes (differences in size)

2. Bone marrow biopsy showing proliferation 

mainly of the megakaryocyte lineage 

with increased numbers of enlarged, mature 

megakaryocytes with hyperlobulated nuclei. 

No significant increase or left shift in 

neutrophil granulopoiesis or erythropoiesis 

and very rarely minor (grade 1) increase in 

reticulin fibers

2. WHO criteria for BCR-ABL1  positve chronic 

myeloid leukemia, PV, ET, myelodysplastic 

syndromes, or other myeloid neoplasms are 

not met

x x

JAK2 , CALR , or MPL  mutation or           

Presence of another clonal markerd or

x x

Absence of minor reactive bone marrow 

reticulin fibrosis

x

Absence of reactive myelofibrosis x

4. JAK2 , CALR , or MPL  mutation

Minor Subnormal serum erythropoietin (EPO) level Presence of a clonal marker or           

Absence of evidence of reactive 

thrombocytosis

Anemia not attributed to a comorbid condition                                  

Leukocytosis ≥ 11*109/L                              

Palpable splenomegaly                          

Lactate dehydrogenase level above the upper 

limit of the institutional reference range           

x x

Leukoerythroblastosis x

a

b

c

d

The diagnosis of PV requires either all 3 major criteria or the first 2 major criteria plus the minor criterion. Major criterion 2 (bone marrow biopsy) may not be 

required in patients with sustained absolute erythrocytosis, if major criterion 3 and the minor criterion are present. However, initial myelofibrosis (present in 

as many as 20% of patients) can only be detected by bone marrow biopsy, and this finding may predict a more rapid progression to overt myelofibrosis 

(post-PV MF)

The diagnosis of ET requires that either all major citeria of the first 3 major criteria plus the minor criterion are met

The diagnosis of prefibrotic/early myelofibrosis and overt myelofibrosis requires that all 3 major criteria and at least 1 minor criterion are met.

In the absence of any of the 3 major clonal mutations, a search for other mutations associated with myeloid neoplasms (eg. ASXL1, EZH2, TET2, IDH1, 

IDH2, SRSF2, SF3B1 mutations) may be of help in determining the clonal nature of the disease.

3.

xaccompanied by increased age-adjusted, 

bone marrow cellularity, granulocytic 

proliferation, and (often) decreased 

erythropoiesis

1.

Presence of JAK2  V617F or JAK2  exon 12 

mutation

WHO criteria for BCR-ABL1 positive chronic 

myeloid leukemia, PV, PMF or other 

myeloid neoplasms are not met

3.3.

Hemoglobin [>16.5 g/dL in men; 16.0 g/dL 

in women] or,

Hematocrit [>49% in men and 48% in 

women] or,

increased red blood cell mass (RCM)* 

[>25% above mean normal predicted value]

1.Major Platelet count ≥ 450*109/L1.
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defining features, make exclusion criteria like presence of BCR-ABL1 fusion, or evidence 

of reactive thrombocythemia necessary (Swerdlow et al., 2017). In particular triple-

negative ET patients, which are negative for mutations in JAK2, CALR, or MPL (around 

12% in ET), rely heavily on exclusion criteria for diagnosis (Cabagnols et al., 2015b; 

Harrison and Vannucchi, 2016; Milosevic Feenstra et al., 2016). ET is the most indolent 

of MPNs and more than 50% of patients are asymptomatic at the time of diagnosis. If 

symptoms are present, these usually manifest as vascular occlusions or bleeding mostly 

from mucosal surfaces. Mild splenomegaly (50%) or hepatomegaly (15-20%) can be 

present at diagnosis (Swerdlow et al., 2017). Similar to PV, ET patients can progress to 

myelofibrosis (post-ET MF) or acute myeloid leukemia in less than 5% of cases 

(Abdulkarim et al., 2009). 

 

Figure 1: Ph-negative Myeloproliferative Neoplasms (MPN) encompass 3 disease 

subgroups with distinct phenotypic and clinical features. Images within donut chart were 

adapted from (Campbell and Green, 2006). Left image: PV is characterized by increase 

in hematocrit in the peripheral blood (test tube). Middle image: Peripheral blood smear 

of a patient with ET shows marked thrombocytosis. Right image: Bone marrow (reticulin 

stain) biopsy in a PMF patient with reticulin fibrosis. Lower image: Peripheral blood 

smear of a sAML patient with increase of immature blood cells (blasts). The overall 

percentage of transformation was estimated around 7% in a study of 795 MPN patients 

(Abdulkarim et al., 2009). However, risk for transformation is lower for PV and ET (1-

3%) and higher for PMF (10-20%) and post-PV/ET MF (~50%) (Abdulkarim et al., 2009; 

Cerquozzi and Tefferi, 2015). 
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1.1.3 Primary myelofibrosis 

Primary myelofibrosis (PMF) is characterized by expansion of cells mainly of the 

megakaryocyte but also the granulocyte lineage and fibrotic depositions in the bone 

marrow. Mutations in all three driver genes JAK2 (40-60%), CALR (~24%), and MPL 

(~8%) are frequent. Triple-negative cases account for ~12% of PMF patients. (Figure 1). 

A prefibrotic/early PMF and an advanced or overt PMF phase is recognized (Swerdlow 

et al., 2017). However, this diagnostic dichotomy is better represented as a continuum 

where PMF patients follow a stepwise evolution and progression in clinical features and 

symptoms. In early stages, patients present with low grade or absent fibrosis (grade 0-1) 

and marked thrombocytosis. These are characteristics often associated with ET, therefore 

careful morphologic analysis of bone marrow histopathologic features (cellularity, 

megakaryocyte size, etc.) is of significant importance (given differences in prognosis and 

survival) to distinguish prefibrotic PMF from ET (Table 1) (Rumi et al., 2018; Swerdlow 

et al., 2017). The fibrotic stage in PMF is characterized by marked fibrosis (grade 2-3) in 

the bone marrow, osteosclerosis, leukoerythroblastosis in the peripheral blood, a decrease 

in platelet count and often patients present with splenomegaly (90%) and hepatomegaly 

(50%) (Swerdlow et al., 2017). Constitutional symptoms are frequent (~50%) and reflect 

the biological activity of the disease. Symptoms include among others fatigue, weight 

loss, and low-grade fever. In more advanced disease stages fibrosis can be accompanied 

by extramedullary hematopoiesis (myeloid metaplasia), primarily in the spleen followed 

by the liver and an increase of blast (CD34+) cells in the peripheral blood (Barosi et al., 

2001). Same as in PV and ET, patients with more than 20% blast cells are classified as 

progression to acute leukemia (Arber et al., 2016; Swerdlow et al., 2017).  

1.1.4 Other myeloid malignancies 

MPNs are related to other myeloid disorders such as myelodysplastic syndromes (MDS) 

and acute myeloid leukemia (AML).  

MDS is a group of clonal bone marrow malignancies characterized by peripheral 

cytopenias (patients are anemic) due to ineffective hematopoiesis (Arber et al., 2016). 

Morphologic dysplasia of one or more cell types of the myeloid lineage are common (at 

least 10% are required for diagnostic purposes) and transformations to leukemia are 

observed in about 30% of affected patients (Abdulkarim et al., 2009; Swerdlow et al., 

2017).  
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Classification of AML diseases is based on disease defining cytogenetic and molecular 

abnormalities. Chromosomal translocations t(9;11), t(8;21), t(15;17), inversions inv(16), 

and fusion genes PML-RARA, RUNX1-RUNX1T1, CBFB-MYH1B are frequent (Arber et 

al., 2016; Swerdlow et al., 2017). Clinically, the presence of more than 20% blast cells in 

the peripheral blood or bone marrow is required for diagnosis. AML can arise de novo or 

are caused by cytotoxic therapy (therapy-related AML). A secondary cause as a result of 

a previous chronic malignancy such as MDS or MPN (secondary AML - sAML) is 

possible. Survival and prognosis for secondary AML patients is dismal, with a median 

survival of less than 6 months (Kennedy et al., 2013) . 

1.2 Mutational landscape and genetic basis of MPN diseases 

Diagnosis of BCR-ABL1 negative MPN diseases was radically improved with the 

identification of mutations in JAK2, MPL and CALR (MPN driver genes) that have been 

shown to promote the disease development of MPN (Vainchenker and Kralovics, 2017). 

Importantly, none of the mutations in MPN driver genes are specific for any MPN subtype 

and can therefore not be used to differentiate one MPN subtype from the other. Other 

somatic MPN-associated mutations have been described but they are not restricted to 

MPN diseases and lack mutual exclusivity to MPN driver mutations. However, many 

have important roles in prognosis, or have been associated with progression. Others have 

been linked to disease initiation providing a clonal advantage, or have shown to lead to 

phenotypic changes (Schischlik and Kralovics, 2017). 

1.2.1 Somatic mutations in MPN disease driving genes JAK2, CALR, MPL 

The JAK2-V617F was the first mutation to be associated with MPN pathogenesis and 

was discovered in 2005 by several groups (Baxter et al., 2005; James et al., 2005; 

Kralovics et al., 2005; Levine et al., 2005). The amino acid change V617F is caused by a 

point mutation in exon 14 of the JAK2 gene and is able to activate three major cytokine 

receptors of the myeloid lineage, namely the erythropoietin receptor (EPOR), 

thrombopoietin receptor (MPL) and granulocyte colony-stimulating factor receptor 

(GCSFR) (Lu et al., 2005). The JAK2 protein is non-receptor tyrosine kinase and member 

of the JAK family tyrosine kinases which includes JAK1, JAK3 and TYK2. Cytokine 

binding to their respective receptors leads to a conformational change of the cytokine 

receptors and subsequent trans-phosphorylation of the JAKs. STAT proteins are recruited 

and are phosphorylated by the JAKs. STAT phosphorylation leads to their dimerization 
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and translocation to the nucleus to activate gene transcription for cellular pathways such 

as proliferation, differentiation and resistance to apoptosis (survival) (Figure 2). 

 

Figure 2: JAK-STAT signaling activation is a common feature in MPN pathogenesis. 

In canonical pathway, cytokine binding (e.g. thrombopoietin (TPO), erythropoietin 

(EPO)), induces a conformational change of cytokine receptors leading to activation of 

JAK proteins through trans-phosphorylation. Consequently, the JAK proteins 

phosphorylate the receptors and attract STAT molecules which are phosphorylated by the 

JAK proteins and form homodimers. STAT homodimers translocate to the nucleus and 

act as transcription factors for regulation of target genes. Mutations in MPL, JAK2 and 

CALR lead to cytokine independent JAK-STAT signaling activation. Adapted from 

(Schischlik and Kralovics, 2017) 

JAK family proteins comprise four domains, a tyrosine kinase (JH1) and a pseudokinase 

(JH2) domain, a FERM and a SH2 domain. All JAK proteins act through the JH1 domain, 

but the JH2 domain was shown to act as negative regulator of JAK protein function 

(Saharinen and Silvennoinen, 2002). The V617F mutation, which is located in the JH2 

domain of the JAK2 protein leads to impaired and negative regulation of the JH1 domain 

and constitutively activated JAK2 kinase. Several mouse models for JAK2-V617F exist 

and are capable of mimicking several aspects of MPN pathogenesis and phenotypic 

features (J. Li et al., 2011). The mutant (or variant) allele burden of JAK2-V617F in MPN 

granulocytes ranges from detection threshold (as low as 1%) up to fully clonal (100%) 

(Rumi et al., 2014a). ET patients usually present with the lowest average burden and PV 

patients often have measured JAK2-V617F burden higher than 50%. Frequently, in PV 

patients and rarely in ET patients, higher burdens are accompanied by uniparental 



 

16 

disomies (UPDs) on chromosome 9p (Kralovics et al., 2002). 9pUPDs are among the 

most common chromosomal aberrations in MPN patients and target the JAK2 gene, 

leading to a loss of wildtype allele and homozygous mutation status of JAK2-V617F. 

Interestingly, in a Jak2-V617F transgenic mouse model (designed to express Jak2-V617F 

in either low level or as high as endogenous wildtype Jak2) mice with low Jak2-V617F 

expression showed ET-like phenotypes, whereas high Jak2-V617F expression resembled 

clinically PV-like phenotypes (Tiedt et al., 2008). This and other studies modelling 

changes in burden (Akada et al., 2010), have demonstrated that differences in mutant gene 

dosage can explain some manifestation of MPN subtypes. However, it does not explain 

how one mutation can lead to three distinct MPN phenotypes.  

Besides the JAK2-V617F in exon 14, in frame small insertions and deletions in exon 12 

were found in low frequency in PV patients and have similar effects (Scott, 2011; Scott 

et al., 2007). 

Mutations in the thrombopoietin receptor (TPOR) or myeloproliferative leukemia virus 

(MPL) are restricted to two hotspot regions on amino acid position W515 and S505 in 

exon 10 and are found in PMF (~5-8%) and ET (~3%) patients (Figure 1). The W515 is 

the most frequent and located in the cytoplasmic domain of the MPL receptor protein 

(after the transmembrane domain) and plays an important role in constitutive activation 

of the receptor and consequently cytokine-independent growth (shown in several Ba/F3 

mouse and UT7 human cell lines) (Pardanani et al., 2006; Pikman et al., 2006). 

Tryptophan on position 515 is often replaced with leucine (W515L) or lysine (W515K). 

Amino acid changes to arginine (W515R), alanine (W515A), and glycine (W515G) exist 

but are less frequent (Defour et al., 2016). Mutations in MPL gene are usually 

heterozygous, but UPDs on chromosome 1p targeting the MPL gene occur often during 

disease progression (Rumi et al., 2013). The MPL-S505N mutation is very rare and was 

initially described as a germline mutation in familial thrombocythemia (Ding et al., 2004). 

However, somatic MPL-S505N mutations have been reported and emphasize the 

similarity of hereditary manifestations of thrombocythemia and true ET (Beer et al., 

2008). In a study of 557 ET patients, mutations in MPL gene (12 patients in total) had a 

higher risk for fibrotic progression (Haider et al., 2016). In general, MPL mutated patients 

have a similar survival rate as JAK2 mutated and worse survival than CALR mutated 

patients (Rumi et al., 2014b). 
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Calreticulin (CALR) mutations are exclusively insertions and deletions leading to shifts 

in the reading frame and found in ET (~30%) and PMF (~24%) patients (Klampfl et al., 

2013; Nangalia et al., 2013). The most common (accounting for 85% of all mutations) is 

the type 1 (52 base pair (bp) deletion or CALR-del52) and the type 2 (5 bp insertion or 

CALR-ins5 – TTGTC nucleotide sequence). Other frameshift mutations (more than 35 

different types have been described) are referred to as type 1-like or type 2-like, 

depending on their structural similarity to the type 1 and type 2 mutations (Eder-Azanza 

et al., 2014). CALR frameshift mutations are located on exon 9 and induce a +1 frameshift, 

which is the only reading frame known to be pathogenic. A frameshift in the last exon of 

the CALR gene leads to formation of a novel C-terminus and a change from negatively to 

positively charged amino acids. In addition, the protein sequence/motif KDEL is lost, 

which is an important signal for protein retention in the endoplasmatic reticulum (ER). 

Early in vitro experiments have shown that overexpression of the CALR-del52 in Ba/F3 

mouse cell lines leads to cytokine independent growth and activation of STAT5 (Klampfl 

et al., 2013). More recent publications could demonstrate that CALR-del52 and CALR-

ins5 can activate MPL and consequently drive JAK-STAT pathway activation. 

Furthermore, it was shown that CALR mutants require a novel C terminus as previously 

described and MPL to display its oncogenic potential (Balligand et al., 2016; Chachoua 

et al., 2016; Elf et al., 2016; Marty et al., 2016; Nivarthi et al., 2016). It was shown that 

CALR mutant proteins as well as wildtype CALR proteins bind to MPL receptor in the 

ER. This interaction is intensified in the mutants with the novel C terminus (Araki et al., 

2016; Chachoua et al., 2016; Elf et al., 2016). In the ER the mutant CALR remains bound 

to MPL and is then transported to the cell surface. However, the exact pathway from ER 

to the cell surface, as well as the exact cellular compartment of MPL activation is yet 

unclear. It is hypothesized that CALR acts as a chaperone gone rogue, constitutively 

activating MPL (Figure 2) (Staerk et al., 2006).  

Differences in frequency of mutations have been reported between ET and PMF patients 

as well as distinct clinical feature between type 1 and type 2 mutations. For instance, in 

ET patients we find a relatively small difference (51% vs 39%) between type 1 and type 

2 mutations, whereas in PMF the difference becomes considerately larger (70% vs 13%) 

(Cabagnols et al., 2015a). Differences in clinical features were also found between type 

1 and type 2 mutations. Patients with type 1 mutations were more likely to have PMF and 

had significant reduced survival compared to type 1 mutations (Aylew Tefferi et al., 
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2014). In addition, type 2 mutations are associated with higher platelet counts in ET 

patients (Ayalew Tefferi et al., 2014c).  

1.2.2 Triple-negative MPN patients – Classification and the search for 

novel diagnostic markers of clonality 

The term ‘triple-negative’ is originally derived from breast cancer patients for describing 

tumors negative for estrogen, progesterone receptor and HER2 mutations. Since the 

discovery of the CALR mutations, triple-negative MPNs are referred to as MPN patients 

(mainly ET and PMF patients) with no mutations found in any of the three MPN driver 

genes JAK2, CALR, and MPL.  

They have been described as a heterogeneous group of diseases with distinct prognosis 

in respect to survival. For instance, in ET patients, triple-negative patients have better 

survival compared to JAK2 and MPL mutated patients (Rotunno et al., 2014). On the 

other hand, triple-negative PMF patients have the worst survival compared to patients 

with mutations in driver genes (Rumi et al., 2014b; Ayalew Tefferi et al., 2014a).  

More recently, two studies identified non-canonical mutations in JAK2 and MPL in 5% 

and 10% triple-negative ET and PMF patients, respectively (Cabagnols et al., 2015b; 

Milosevic Feenstra et al., 2016). In the Milosevic et al. study, 4 somatic (T119I, S204F, 

E230G, Y591D) and 1 germline mutation (R321W) in MPL gene were found, as well as 

non-canonical somatic and germline mutations in JAK2. In addition, many cases of ET 

and PMF patients with polyclonal hematopoiesis were detected using X-linked assays 

suggesting a different diagnosis than MPN. This study exemplifies the intricacies of 

proper diagnosis of triple-negative cases. The diagnostic workup of these disease entities 

requires in the “absence of any three major clonal disease drivers, the presence of other 

mutations (e.g. ASXL1, EZH2, TET2, IDH1, IDH2, SRSF2, SF3B1), to help define the 

clonal nature of the disease” (Table 1) (Swerdlow et al., 2017). If no clonal markers are 

to be found, absence of hereditary malignancies or reactive conditions (reactive 

thrombocytosis or myelofibrosis in ET and PMF, respectively) become vital exclusion 

criteria for ET or PMF diagnosis. However, it becomes evident, that the WHO criteria for 

diagnosis of triple-negative MPN are far from perfect to distinguish true ET and PMF 

from other polyclonal diseases.  

Traditionally, determination of the clonal origin of a hematologic malignancy was 

accomplished with X chromosome inactivation (XCI) clonality assays. (Adamson et al., 

1976; Fialkow et al., 1981). These assays take advantage of the unique mechanism of 
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XCI present in females. Females need to compensate for gene dosage on the X 

chromosome by epigenetically silencing either the maternal or paternal derived X 

chromosome (Beutler et al., 1962; Lyon, 1961) (Figure 3).  

 

Figure 3: X-chromosome inactivation. (A) At an early stage in embryogenesis before 

hematopoietic lineage differentiation, either the maternal (M) or the paternal (P) derived 

X chromosome in each cell is inactivated. (B) The choice of chromosome is supposedly 

random and is maintained constant through generations of mitoses. Subsequently, healthy 

human females possess a hematopoietic stem cell pool, which is a mosaic of maternal or 

paternal silenced X chromosomes. The state of inactivation is propagated to differentiated 

cells of the lymphoid or myeloid cell lineage. (C) Somatic mutations in a single 

hematopoietic stem cell (HSC) can lead to clonal dominance (through selective advantage 

of MPN stem cells over normal counterparts), which is reflected through changes in 

proportion of maternal or paternal activated X chromosome. Secondary somatic 

mutations can drive the disease phenotype as exemplified in the disease model of MPN. 

Three non-coding lncRNAs (XIST, its antisense partner TSIX, and XITE), located close to 

the center of the X chromosome, are known as major effectors of the XCI process. XIST 

is exclusively expressed from the inactive X chromosome and is responsible for initiation 

of silencing by coating the entire X chromosome (Penny et al., 1996). After XCI, genes 

located on the inactivated X chromosome are silent (not expressed). However, in humans 

15-25% of genes have been reported to escape XCI (‘escape genes’), either across tissues 

or in a tissue-specific manner (Berletch et al., 2011; Carrel and Willard, 2005; Slavney et 

al., 2015). 

The process of XCI is supposedly random leading to a mixture of two cell populations 

where either the maternal or paternal X chromosome is marked for XCI (Augui et al., 

2011). The XCI ratio reflects the proportion of cells where either the maternal or paternal 
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alleles on the X chromosome are active (Figure 4A, 4B). The distribution of XCI ratios 

follows a normal distribution in healthy females (Figure 4A). The XCI ratio can range 

from random XCI (50:50) to completely skewed XCI (100:0) (Figure 4C) (Amos-

Landgraf et al., 2006; Szelinger et al., 2014). 

 

Figure 4: X-inactivation in healthy females. (A) The distribution of XCI ratios of 1005 

healthy females is depicted. The XCI ratios were binned with increments of 5%. The 

distribution has a mean XCI ratio of 49:51 and a median of 50:50. The plot was adapted 

from Figure 1 in (Amos-Landgraf et al., 2006). (B) The XCI ratio represents the 

proportion of cells expressing genes from the paternal or maternal derived X 

chromosome. (C) Color shadings classify individuals with a random XCI (XCI ratio from 

50:50 to 75:25), a moderate skew (XCI ratio from 75:25 to 90:10), or extreme skew (XCI 

ratio above 90:10). 

Several assays have been developed to measure the extent of clonal cell populations. 

These function on the level of protein polymorphisms (G6PD isoenzyme) (Beutler et al., 

1967), differential DNA methylation (HUMARA, PGK, or HPRT) (Allen et al., 1992) or 

on transcriptional level (Curnutte et al., 1992; Prchal and Guan, 1993) based on single 

gene or combination of several genes such as G6PD, MPP1/p55, IDS, FHL-1 (Chen and 

Prchal, 2007). In order to distinguish between the maternal or paternal origin of the X 

chromosome, it is essential that these surrogate markers of clonality are heterozygous. 

Conclusively, XCI clonality assays are restricted to informative females, heterozygous at 

these loci (Chen and Prchal, 2007). 

1.2.3 Beyond MPN driver mutations 

MPN patients often present with other somatic mutations besides JAK2, CALR, and MPL. 

Importantly, these mutations are not specific for MPN. In fact, they often occur in higher 

frequency in other myeloid malignancies like MDS and AML. In addition, these 
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mutations are not mutually exclusive to the above mentioned driver mutations, but for 

some genes differences in co-occurrences with driver mutations or disease subtypes have 

been reported (Lundberg et al., 2014a; Vainchenker and Kralovics, 2017). MPNs - similar 

to other hematological malignancies - have a low mutation frequency. The largest study 

used whole-exome sequencing on 143 MPN patients to provide an estimate on somatic 

mutation frequency of single nucleotide variants (SNVs) and small indels (Nangalia et 

al., 2013). PMF patients were shown to have the highest median number of 13 somatic 

mutations per patients compared to 6.5 for ET and PV patients. This observation has been 

correlated with PMF being the more progressed form of MPN diseases as well as reduced 

survival (Lundberg et al., 2014a; Vannucchi et al., 2013) and age (Grinfeld et al., 2018). 

The Nangalia et al. study as well as other important publications in the field of MPN 

genetics, have helped to shape and characterize the genomic landscape of MPN patients 

using whole-exome and/or a combination of whole-exome and targeted sequencing on a 

restricted number of genes (Grinfeld et al., 2018; Klampfl et al., 2013; Lundberg et al., 

2014b; Nangalia et al., 2013). Inclusion of germline controls enabled a true identification 

of somatic mutations. In MPN somatic mutations target genes involved in cytokine 

signaling (LNK/SH2B3, SOCS, and CBL), epigenetic changes (TET2, DNMT3A, ASXL1, 

IDH1/2, PRC1 & 2, EZH2), splicing (SF3B1, SRSF2, U2AF1, ZRSR2), and 

transcriptional regulators (IKZF2, CUX1, FOXP1, ETV6, RUNX1, NF-E2, and TP53). 

Several mutations within these genes are of prognostic value or have been assigned 

important roles in MPN pathogenesis (Schischlik and Kralovics, 2017). The following 

paragraphs will focus on a few important genes and pathways affected in MPN disease 

development. 

Mutations in genes involved in epigenetic changes are among the most frequently 

mutated genes in MPN disorders (Figure 5). Among these TET2 and DNMT3A function 

as key regulator of DNA methylation at CpG sequences (Tahiliani et al., 2009; Zhang et 

al., 2016). TET2 mutations are found in 13% in all subtypes of MPN (up to 20% in PV 

and PMF) patients, of which most are frameshift or stopgain mutations leading to putative 

loss-of-function of the protein (Delhommeau et al., 2009; Tefferi, 2010). Early studies 

showed that TET2 mutations precede JAK2-V617F mutations and were important for 

establishing clonal dominance in hematopoietic stem cells (Delhommeau et al., 2009). 

However, TET2 mutations have been found to either precede or follow JAK2-V617F 

mutations (Schaub et al., 2010). In fact, the order of acquiring mutations (TET2-first or 

JAK2-first), was shown to influence MPN phenotype. ‘TET2-first’ patients were of older 
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age at diagnosis and had a reduced risk of thrombosis, resembling PV patients, whereas 

‘JAK2-first’ patients were younger at diagnosis and had elevated risk of thrombosis, 

which are clinical features associated with ET patients (Ortmann et al., 2015).  

Mutation frequency in DMT3A is ~10% in MPN patients (15% in PMF, 3-7% in ET and 

PV patients) and occur as gain of function (mainly on non-synonymous mutations in 

amino acid residue R882) or loss of function mutations (Abdel-Wahab et al., 2011; 

Stegelmann et al., 2011).  

TET2 and DNMT3A mutations have shown to lead to expansion and increased self-

renewal capacity in HSCs in mouse and human (Challen et al., 2012; Quivoron et al., 

2011), emphasizing their role as disease initiators. This was further strengthened by the 

recent finding of somatic TET2 and DNMT3A mutations (among other genes) in healthy 

individuals of advanced age. These studies found associations of clonal hematopoiesis in 

the elderly with higher risks of developing hematological cancers and decreased survival 

(Jaiswal et al., 2014; Lindberg et al., 2014; Xie et al., 2014). Interestingly, an earlier study 

had already described recurrent somatic TET2 mutations in 5.5% of healthy individuals, 

of which some (n=7) were continuously followed for many years. One of these 

individuals developed ET and was tested positive for JAK2-V617F 5 years after follow-

up (Busque et al., 2012).  

 

Figure 5: Analysis of mutation frequency as reported in (Nangalia et al., 2013). Data 

was extracted from Supplementary Methods. A total of 143 patients are depicted and 

selected genes are shown. Abbr.: PET-PV (Post-ET PV), PPV (Post-PV), MF 

(Myelofibrosis), MPNu (unclassifiable MPN). 

Other genes frequently mutated in age-related clonal hematopoiesis were genes involved 

in the splicing machinery (SF3B1, SRSF2, and U2AF1). Recurrent mutations in genes 

involved in the spliceosome machinery were initially found in hematological cancers 
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(Papaemmanuil et al., 2011; Yoshida et al., 2011). Mutation frequencies varies among 

different disease classes, MDS with ring sideroblasts (85%) (Graubert et al., 2012; 

Papaemmanuil et al., 2011), chronic lymphocytic leukemia CLL (15%) (Quesada et al., 

2012; Wang et al., 2011). In MPN, mutations in spliceosome genes are significantly 

enriched in PMF and post-MPN AML (3-7% in PMF for SF3B1, 9% in PMF and 19% 

post-MPN AML for SRSF2, 11% in PMF for U2AF1) (Lasho et al., 2012; Nangalia et al., 

2013; Vannucchi et al., 2013; Zhang et al., 2012). Mutations in these genes are restricted 

to hotspot regions suggesting that these alterations lead to gain or altered functions of the 

protein. In SF3B1, mutations in the HEAT repeat domain of protein are frequently 

affected, among these are amino acid (aa) residue K700 and K666, in SRSF2 the P95 aa 

residue and in U2AF1 the S34 and Q157 aa residue are often mutated (Dvinge et al., 2016; 

Yoshida et al., 2011). Splicing factor mutations often occur as initiating mutations, early 

in disease development. For instance, in MDS analysis of clonal hierarchy, showed that 

SF3B1 mutations are early events (Mian et al., 2015). In MPN, the clonal hierarchy of 

splicing factor mutations, has not clearly been resolved. A recent study in MPN patients 

suggested that SF3B1 mutations are unlikely to occur as secondary events (Grinfeld et 

al., 2018).  

Splicing factor mutations can be associated with good or worse survival. SF3B1 

mutations in CLL (Rossi et al., 2011) and SRSF2 mutations in MPN (Zhang et al., 2012) 

are predictors of progression and worse outcome. However, in MDS and uveal melanoma 

(UV), SF3B1 mutations are associated with good survival compared to SF3B1 non-

mutated patients (Harbour et al., 2013). Finally, in a study of 155 PMF patients, no worse 

survival in SF3B1 mutated patients was found (Lasho et al., 2012). 

SF3B1 is mutated in high frequency in hematologic but also in solid tumors. So far, in 

solid cancers, SF3B1 mutations were identified in uveal melanoma (UV) (Furney et al., 

2013), breast cancer (Maguire et al., 2015), malignant pleural mesothelioma (Bueno et 

al., 2016), bladder and pancreatic cancers (Biankin et al., 2012). Interestingly, the 

distribution of affected amino acid residues varies among different diseases. For instance, 

while the K666 amino acid is frequent in secondary and de novo AML, in other 

hematological malignancies the K700 is the predominantly affected amino acid residue 

(Dvinge et al., 2016). Whether this observation explains phenotypic and clinical 

characteristics of different diseases is less explored.  
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As previously mentioned, mutations accumulate in the HEAT repeat domain of the 

SF3B1 protein (Yoshida et al., 2011). The function of the HEAT domain has not fully 

been elucidated, therefore it is difficult to predict the mechanistic behavior of a mutant 

protein. It is known, that mutated SF3B1 affects 3’ splice site recognition via the U2 

complex. An in silico study by DeBoever et al. proposed a model in which mutant SF3B1 

use cryptic 3’ splice sites downstream of the branch point. The binding of the U2 complex 

to the branch point normally leads to ‘steric occlusion’ downstream of the branch point 

preventing recognition of cryptic 3’ splice signals (AG). The authors in the study 

hypothesized that mutations in the HEAT domain cause an alteration in the sterically 

protected region and thereby allow for selection of alternative splice site (DeBoever et 

al., 2015). Further experimental evidence could show that the SF3B1 mutant U2 complex 

favors a different branch point than non-mutated SF3B1 (Figure 6). However, the 

mechanism of the preferential use of one branch point over another is unclear (Alsafadi 

et al., 2016; Darman et al., 2015). 

 

 

Figure 6: Model of aberrant 3’ splicing of SF3B1 mutant protein. (A) Splicing is a 

tightly regulated program involving several large protein complexes and key sequence 

signals within the intronic sequence of the splice site. Towards the 3’ splice site, the 

highly conserved AG nucleotides mark the beginning of the downstream exon (EXON 

B). Other splicing signals include a pyrimidine (Y) rich Py-tract and a branch point (A) 

recognized by the U2 snRNP complex. (B) Mutations in the HEAT domain of SF3B1 

might induce a conformation change in the U2 snRNP structure, which now favors the 

alternate branch point (A’) and recognition of cryptic 3’ splice site. Alternate splicing can 

be quantified with RNA-seq, by calculating the ratio of reads mapping to the alternate 

versus the canonical splice site. 
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The above-mentioned studies were also among the first to explore the consequences of 

altered 3’ splice site recognition in SF3B1 mutated cell lines and patient samples. 

Differential junction analysis using RNA-seq data revealed up to several hundred mis-

spliced junctions in MDS, CLL, UV and breast cancer. Furthermore, junction expression 

of SF3B1 mutants varied among different cell types (cancer types) and specific amino 

acid change of the SF3B1 mutant protein. Although SF3B1 mutations are frequently 

heterozygous and fully clonal, the ratio between the expression of the wildtype vs the 

mutant allele can vary extensively suggesting a preference for one or the other allele. 

Whether individual or a combination of many genes affected by aberrant splicing are the 

downstream targets of SF3B1 mutants is still a matter of investigation for many cancers. 

Darman et al. for instance proposed the mis-spliced ABCB7 gene as a likely target in MDS 

with ring sideroblasts, given its role in iron metabolism (Darman et al., 2015). Another 

study investigated the role of mis-spliced EZH2 in SRSF2 mutated mice. They showed 

that EZH2 mis-splicing triggers nonsense mediated-decay (NMD), leading to loss of 

EZH2 which results in compromised hematopoietic differentiation and mimicking an 

MDS-like phenotype (Kim et al., 2015a). 

Mutations in SF3B1 are mutually exclusive to other mutations in genes of the spliceosome 

(SRSF2, U2AF1) and not tolerated in a homozygous state, suggesting a functional 

redundancy or a synthetic lethal relationship of splicing factor genes. A recent study has 

shed light on the mechanism of mutual exclusivity of two splicing factor genes SF3B1 

and SRSF2. The study showed a synthetic lethal interaction when both mutations were 

co-expressed. Additionally, they identified two mis-spliced genes (MAP3K7 in SF3B1 

and CASP8 in SRSF2) with convergent effects resulting in hyperactive NF-κB signaling 

(Lee et al., 2018).  

1.2.4 Large aberrations, complex cytogenetic lesions and fusion genes in 

MPN 

Classic cytogenetic karyotype analysis has still an important role in diagnosis of myeloid 

malignancies (Arber et al., 2016; Hussein et al., 2009). Karyotype analysis can identify 

chromosomal translocation and large aberrations such as inversions and deletions. 

However, the resolution is limited, and the exact genes involved in the rearrangements 

are not always known. Many of these rearrangements are disease defining and often the 

detection of such an event leads to direct classification of a hematological malignancy 

(e.g. BCR-ABL1 in CML).  
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The emergence of SNP6.0 arrays allowed the identification of recurrent aberrations such 

as copy number changes (gains and deletions), and regions of loss of heterozygosity or 

uniparental disomies (UPDs) in MPN (Kralovics, 2008). Large aberrations are found in 

62.5 % of MPN patients (at least one, but more in one patients occur) (Klampfl et al., 

2011). Several studies showed, that the karyotype complexity, defined by the increasing 

number of aberrations detected with SNP6.0 arrays, does not differ between ET, PV, and 

PMF, but increases during disease progression to sMF or AML and are therefore of 

prognostic value (Klampfl et al., 2011; Milosevic et al., 2012). The most frequent lesions 

in chronic MPN were found on chromosome (chr) 9 (9p UPD & trisomy 9), chr 1 (1p 

UPD, 1q gain). Other frequent aberrations are del 13q, del 20q, del 4q, 14q UPD and 7q 

UPD (Klampfl et al., 2011). 

SNP6.0 arrays allowed to map common deleted regions (CDRs) and identify the minimal 

deleted region in order to find the target gene of the aberration. Several transcription 

factors (IKZF1, CUX1, CUX2, FOXP1, ETV6, RUNX1) with putative involvement in 

MPN pathogenesis were mapped using this approach (Klampfl et al., 2011). However, 

CDR mapping with SNP6.0 arrays for identification of target genes has its limitations. 

First, it requires a critical number of patients with recurrent lesions. Second, only 

unbalanced chromosomal aberrations can be detected (lesions that induce copy number 

changes). Third, the low resolution renders an exact localization of the genomic 

breakpoints of the lesions prohibitive (Alkan et al., 2011).  

Whole-exome and whole-genome sequencing have been used to detect small & large 

structural variations with base pair resolution (Alkan et al., 2011). While whole-exome 

sequencing can only be used for certain classes of lesions (unbalanced lesions and lesions 

where the breakpoint lies within the exonic region), whole-genome sequencing requires 

extensive sequencing, computational analysis and is costly for screening a large cohort of 

patients (Taylor and Ladanyi, 2011; Welch et al., 2011). 

Gene fusions arising from chromosomal aberrations can act as tumor-specific biomarkers 

and are of tremendous therapeutic value for targeted precision medicine such as Imatinib, 

which is an inhibitor for the BCR-ABL1 fusion gene in CML – a subtype of MPN. In 

myeloid malignancies (Figure 7) as well as in solid tumors, gene fusions are frequent 

disease drivers (Mertens et al., 2015; Mitelman et al., 2007; Yoshihara et al., 2014). 
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Figure 7: Complex landscape of fusion gene events in myeloid malignancies.Circos 

plot shows the analysis of 1280 fusion events in myeloid malignancies. Lines (=fusion 

events) connect two genes located between or within chromosomes. 1082 translocations, 

68 insertions, 48 inversions, and 26 deletions leading to fusion events were analyzed. 

Only unique fusion events (n=241) are depicted. AML, CML, MDS, and chronic 

myelomonocytic leukemia (CMML) patients were included in this analysis. Selected 

gene names forming part of fusion events are displayed around the outer circle of the 

graph. Raw data was extracted from The Mitelman Database of Chromosomal 

Aberrations and Gene Fusions in Cancer (Mitelman et al., 2013). 

RNA-sequencing has emerged as cost-effective and unbiased method for their systematic 

discovery (Cieślik and Chinnaiyan, 2017). Since the emergence of next-generation 

sequencing several software packages have been released with the aim to detect fusion 

genes with RNA-seq data (Table 2) (Wang et al., 2013). Although these tools have been 

successfully used in numerous publications for fusion gene discovery, if benchmarked 

against each other, the overlap between detected fusions is small (Abate et al., 2012; 

Carrara et al., 2013; Kumar et al., 2016). The reason is partly explained by the 

heterogeneity in tool specific implementation of alignment strategies (Table 2), the usage 

of reference genomes (whole genome, transcriptome) and an extensive variety of filters 

introduced to reduce the number of false positive fusions. Other factors of variability 



 

28 

include the method of sequencing (paired-end versus single end), the sequence coverage, 

the size of the insert sequence and the read length.  

Table 2: List of software published for fusion gene detection. Tophat-fusion, deFuse 

and SOAPfuse were used for fusion detection in the results section of this thesis. Software 

packages were published for Tophat-fusion (Kim and Salzberg, 2011), deFuse 

(McPherson et al., 2011a), SOAPfuse (Jia et al., 2013), Fusioncatcher (Nicorici et al., 

2014), FusionMap (Ge et al., 2011), TransABySS (Robertson et al., 2010), EricScript 

(Benelli et al., 2012), FusionQ (Liu et al., 2013), ChimeraScan (Iyer et al., 2011), 

ShortFuse (Kinsella et al., 2011), FusionHunter (Y. Li et al., 2011), MapSplice (Wang et 

al., 2010b), FusionFinder (Francis et al., 2012), Bellerophontes (Abate et al., 2012), 

SnowShoes-FTD (Asmann et al., 2011), FusionSeq (Sboner et al., 2010), Comrad 

(McPherson et al., 2011b), PRADA (Zheng et al., 2012), FusionAnalyser (Piazza et al., 

2012), BreakFusion (Chen et al., 2012), EBARDenovo (Chu et al., 2013); N/A – not 

available  

 

Like SNVs or Indels, fusion genes may have distinct functional outcomes. One possible 

scenario is an enhanced overexpression of an oncogene. For instance, the IgH-MYC 

fusions are formed through promoter swapping and activates MYC expression, which is 

under the control of a promotor of a highly expressed gene (e.g. Ig or T cell receptor). 

Formation of novel chimeric proteins are also common. BCR-ABL1 and NPM1-ALK are 

prominent examples of fusion genes, where an ‘activator’ gene like BCR or NPM1 drives 

constitutive activation of a tyrosine kinase (ABL1 and NPM1). Fusion events involving 

Fusion gene 

detection software
Software version Read aligners Library format

Tophat-fusion 2.0.8 release 26-2-2013 tophat (mod. bowtie) RNA-seq

deFuse release 2013-02-08 bowtie, BLAT RNA-seq

SOAPfuse 1.25 release 04-12-2013 SOAP2 RNA-seq

Fusioncatcher 0.97 release 4-9-2013 bowtie, BLAT RNA-seq

FusionMap release 2013-02-01 modified GSNAP WGS, RNA-seq

TransABySS 1.4.4 release 09-10-2012 GMAP, BWA RNA-seq

EricScript 0.4.0 release 2013-3-20 BWA, BLAT N/A

FusionQ 1.0 release 2013-06-15 tophat, cufflinks RNA-seq

ChimeraScan 0.4.5 release 2012-2-25 bowtie RNA-seq

ShortFuse  0.2 release 19-5-2011 bowtie RNA-seq

FusionHunter 1.4 release 2012-06-09 bowtie RNA-seq

MapSplice 1.15.1 release 2011-09-15N/A RNA-seq

FusionFinder 1.2.1 release 29-07-2012 N/A RNA-seq

Bellerophontes 0.3.5 release 03-07-2012 N/A N/A

SnowsShoes-FTD release 2012 BWA RNA-seq

FusionSeq 0.7.0 release 2011-05 bowtie, BLAT RNA-seq

Comrad 0.1.3 release 2011-06-22 bowtie, BLAT WGS, RNA-seq

PRADA release 2012-11-14 N/A RNA-seq

FusionAnalyser release 2012-09 BWA RNA-seq

BreakFusion 1.0 release 01-05-2012 BLAT RNA-seq

EBARDenovo 1.2.2 release 2013-04-04 assembly N/A
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the JAK2 locus represent similar examples of an activated kinase. The JAK2 gene can 

form fusions with several partner genes such as RUNX1, ETV6, PCM1, BCR and other 

genes (Bousquet and Brousset, 2006; Griesinger et al., 2005; Lacronique et al., 1997; 

Peeters et al., 1997) . PCM1-JAK2 fusions were found in MDS/MPN, AML and T-cell 

lymphomas and are associated with myelofibrosis and eosinophilia and 

myeloproliferation (Hoeller et al., 2011).  

Finally, fusion of two genes can lead to shifts in the reading frame (Figure 8). This is 

achieved either through introduction of novel nucleotides, fusion of non-matching 

reading frames of two exons, or fusion of exons placed in opposite transcriptional 

orientation. 

 

Figure 8: Schematic model of fusion protein formation. (A) Chimeric fusion proteins 

are formed through fusions of two genes in the correct frame of the exons located at the 

fusion breakpoint. (B) In frequent cases, two exons from different genes are fused out of 

frame. The result is a shift in the reading frame and often lead to the introduction of 

premature stop codons (PTCs). Consequently, fusion proteins have a novel C terminal 

end. Alternatively, the fusion transcript is degraded via nonsense mediated decay (NMD). 

A possible scenario is the inactivation of one or both genes involved in the fusion. The 

landscape of inactivating fusions is certainly less explored. There is bias towards fusion 

forming chimeric proteins, since these form better drug targets. Nevertheless, inactivating 

fusion can be equally important to explain tumor formation. For instance, loss of tumor 

suppressor function was shown for fusion gene PPP2RA-CHEK2 (Jin et al., 2006). 

Alternatively, out of frame fusions do not necessarily lead to degradation of the fused 

transcript. It is possible that out of frame transcripts are translated and create aberrant C-

terminals of the chimeric protein. In a study by Rodriguez-Perales et al. a truncated 

RUNX1 fusion protein, expressed an altered C-terminal, which was further shown to 
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interfere with the wildtype RUNX1 protein in a dominant-negative and dose-dependent 

manner (Rodriguez-Perales et al., 2015).  

In MPN, isolated cases of fusions in PV and PMF have been reported (Murati et al., 2006; 

Tanaka et al., 2010; Tiziana Storlazzi et al., 2014). Two patients tested negative for JAK2-

V617F, JAK2-exon12 and MPL mutations, suggesting an accumulation of rare events in 

triple-negative patients. Importantly, at the time of publication, the CALR mutations had 

not been described, therefore a re-evaluation of the true nature of these triple-negative 

MPN cases is necessary. Large patient cohorts were not screened to determine recurrent 

fusion events in MPN. Co-occurrences of BCR-ABL1 fusions with MPN driver mutations 

(JAK2 and CALR) are rare in MPN patients but exits (Bornhäuser et al., 2007; 

Seghatoleslami et al., 2016; Yamada et al., 2014; Zhou et al., 2015). Patient often present 

with atypical phenotypes resembling CML. This emphasizes the complexity of proper 

diagnosis in patients with overlapping disease features (Kwong et al., 1996; Rice and 

Popat, 2005).  

1.3 Therapeutic management of MPN patients 

1.3.1 Current therapies for MPN and their limitations 

Current drug therapy for MPN patients are not curative and are mainly used to prevent 

complications and treat symptoms arising from thrombosis, bleeding, anemia, and spleno-

megaly (Vannucchi and Harrison, 2017). A risk-adapted treatment model exists for PV, 

ET, and PMF and is applied for each patient (Tefferi et al., 2018b, 2018c, 2018d).  

For ET, a primary goal is to prevent thrombotic complications. Traditional risk 

stratification recognizes two parameters: advanced age (>60 years) and a previous history 

of thrombosis. Recently, the presence of a JAK2 or MPL mutations has been identified as 

an independent risk-factor (Barbui et al., 2015). Patients who present with one of these 

risk factors are considered “high-risk” and in the absence “low-risk” patients. For low-

risk patients, a conservative treatment is preferred, which can be either observational or 

low doses of aspirin. High risk patients are treated with cytoreductive therapy, usually 

hydroxyurea as a first-line therapy and pegylated interferon-α (INF-α), busulfan, 

anagrelide or pipobroman as second line therapy (Tefferi et al., 2018c). Of these, INF-α 

is the preferred drug and pipobroman the least recommended due to its association with 

leukemic progression in PV patients (Kiladjian et al., 2011; Tefferi et al., 2013). 



 

     31 

Independent risk factors for overall survival in PV patients were identified as advanced 

age (>61 years), leukocyte count higher than 10.5x109/L, venous thrombosis and 

abnormal karyotype (Bonicelli et al., 2013; Tefferi et al., 2013). Low risk PV patients are 

treated with phlebotomy and low dose aspirin, whereas high risk patients receive similar 

treatment as high-risk ET patients (Tefferi et al., 2018d). 

Several prognostic models for PMF patients have been evaluated and are in use (Tefferi 

et al., 2018b). The widely used dynamic international prognostic scoring system (DIPSS) 

plus model, has 8 risk factors: advanced age (>65 years), hemoglobin less than 10g/dL, 

leukocyte count more than 25x109/L, circulating blasts of more than 1%, the presence of 

constitutional symptoms, unfavorable karyotype, red cell transfusion dependency and a 

platelet count less than 100x109/L (Gangat et al., 2011). The presence of 0,1, 2, equal or 

more than 3 risk features defines in which of the 5 risk categories (low to high) a patient 

corresponds to. Several additional independent risk factors have been identified for PMF 

patients, these include among others, the absence of type 1 or type1 like CALR mutations, 

presence of mutations in the gene ASXL1, EZH2, IDH1/2, and in splicing factor SRSF2 

and U2AF1-Q157 (Tefferi et al., 2018a; Ayalew Tefferi et al., 2014b; Vannucchi et al., 

2013). Low risk patients are often asymptomatic and generally closely monitored for 

changes in disease progression. Allogeneic stem cell transplantation (ASCT) is the only 

curative treatment for PMF patients. Due to high treatment related mortality for ASCT, it 

is only recommended for a minority of younger and high-risk patients (Ballen et al., 

2010). The first medication approved by the Food and Drug Administration (FDA) to 

treat intermediate and high-risk MF patients was ruxolitinib, a non-mutant specific JAK2 

inhibitor in 2011. Ruxolitinib was shown to significantly improve blood counts, 

splenomegaly and constitutional symptoms (Deisseroth et al., 2012). Other therapeutic 

drugs under investigation include immunomodulating agents such as thalidomide and 

lenalidomide, histone deacetylase (HDAC) inhibitors, telomerase inhibition (imetelstat), 

agents targeting fibrosis (e.g. anti TGF-β and anti-LOLX2) and pegylated INF-α 

(Shreenivas and Mascarenhas, 2018). 

1.3.2 Therapeutic targeting of the MPN stem cell clone 

MPN diseases are essentially stem cell disorders, originating from rare self-renewing 

stem cells. Therefore, eradicating the MPN disease stem cell is likely to lead to successful 

cure and patient treatment. However, even the most promising targeted therapies directed 

against leukemia stem cells in CML, fail to eliminate all stem cells in the majority of 
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patients, partly owing to their quiescence compared to progenitor cells (Gallipoli et al., 

2011; Holyoake et al., 1999).Currently, besides ASCT, only few agent have shown to 

have an effect on the MPN disease stem cell clone quantified as reduction of mutant allele 

burden in MPN driver genes.  

In a COMFORT-I study, a phase III trial for PMF patients, only 12% of patients treated 

with ruxolitinib had a more than 50% decrease in JAK2-V617F burden and less than 2% 

had a complete molecular remission. The duration of treatment had an influence on 

treatment success for ruxolitinib (Deininger et al., 2015). A second phase III study for 

MF patients retrospectively analyzed CALR-mutant patients treated with ruxolitinib. 

CALR mutant allele burden did not show a significant change after a median of 60 weeks 

treatment (Guglielmelli et al., 2016). In a small, prospective study, JAK2-V617F mutated 

PV or ET patients treated with hydroxyurea showed in 57% of patients a partial molecular 

response (Besses et al., 2011). 

INF-α treatment is the only agent, which has consistently shown to reduce JAK2-V617F 

and CALR mutation burden in PV and ET patients (Gisslinger et al., 2015; Kiladjian et 

al., 2008; Quintás-Cardama et al., 2009; Them et al., 2015; Verger et al., 2015). In some 

patients a reversion from clonal to polyclonal hematopoiesis was observed (Liu et al., 

2003; Massaro et al., 1997). However, resistance to INF-α therapy has been reported in 

patients where JAK2-V617F was not the initiating event or after cessation of treatment 

(Ishii et al., 2007; Kiladjian et al., 2010; Turlure et al., 2015). In addition, INF-α is not 

well tolerated in patients given its high toxicity rate (Soret et al., 2016). 

1.3.3 Immunotherapy – emerging therapies for MPN patients 

Immune-based therapies against cancers use the body’s immune system to elicit an anti-

tumor response and combat cancer. The cancer immunotherapy field has experienced 

tremendous advancements in the past years. Most notably, usage of monoclonal 

antibodies (mAbs), advances in immune checkpoint blockade therapy (CPB), chimeric 

antigen receptor (CAR) T cell as well as adoptive T cell therapy (ACT) and administration 

of cancer vaccines (Zhang and Chen, 2018).  

A commonality between these methods is the requirement to identify optimal antigens or 

epitopes to target (Hu et al., 2017). Tumor antigens can be broadly categorized as tumor-

associated antigens (TAAs) or tumor-specific antigens. Examples of TAAs include 

antigens, which are overexpressed or expressed higher in cancer tissue compared to 
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normal cells or antigens playing a role in tissue differentiation (Novellino et al., 2005). 

The lack of tumor specificity for TAAs increases the risk of inducing autoimmunity 

against the normal cells (Dudley et al., 2002). In addition, patients are likely to lack high-

affinity T cells as a result of negative selection in the thymus (Theobald et al., 1997). 

Tumor neoantigens on the other side arise through somatic mutations and were therefore 

considered along with oncogenic viral antigens as tumor specific and consequently ideal 

targets for ACT, CPB and therapeutic cancer vaccination (Hu et al., 2017; Schumacher 

and Schreiber, 2015; Shigehisa Kitano et al., 2015). However, their systematic discovery 

only became feasible with the advent of next-generation sequencing technologies. In 

addition, advances in the development of software to predict binding affinity of MHC 

molecules to epitopes enables the identification of putative neoantigens for each patient 

individually (Snyder and Chan, 2015; Zhang et al., 2011). Several studies have shown 

that neoantigens are crucial targets of anti-tumor T cell response. First, it was shown, that 

the number of neoantigens (or neoantigen load) correlates with better survival in patients 

(Brown et al., 2014). Second, CD8+ and CD4+ T cell populations specific for neoantigens, 

expand as a result of anti-tumor immune response (Linnemann et al., 2015; Rajasagi et 

al., 2014; Robbins et al., 2013; van Rooij et al., 2013). Finally, several in vitro and in vivo 

studies demonstrated the capability of neoantigen specific cytotoxic T-lymphocytes 

(CTLs) to effectively kill tumor cells (DuPage et al., 2012; Gubin et al., 2014; Kreiter et 

al., 2015; Tran et al., 2014).  

Computational workflows to allow for quick identifications of personalized candidate 

neoantigens have been established. A typical workflow involves whole-exome 

sequencing of tumor and normal tissue to identify somatic mutations, followed by 

transcriptome sequencing of the tumor tissue to confirm expression of the mutated genes. 

Finally, mutations are translated to amino acid sequences and virtual peptide libraries of 

8-11 mers in size are generated. The peptides are selected based on their probability to 

bind with high affinity to each individual’s MHC molecule using prediction software such 

as NetMHCpan (Gross et al., 2014; Matsushita et al., 2012; Rajasagi et al., 2014; Robbins 

et al., 2013; van Rooij et al., 2013). Three studies could evaluate the immunogenicity, 

safety and feasibility of neoantigen cancer vaccines in a phase I trial in melanoma patients 

using the above mentioned approach (Carreno et al., 2015; Ott et al., 2017; Sahin et al., 

2017). Several clinical trials (NCT02950766, NCT02897765) are ongoing to evaluate 

whether neoantigen cancer vaccines can be combined with CPB therapy (e.g. anti-PD-1 

or CTLA4) given its potential to effectively expand the T cell repertoire (Cha et al., 2014; 
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Robert et al., 2014). In addition, neoantigen-based personalized cancer vaccines are being 

tested in clinical trial in other cancers such as glioblastoma, breast, pancreatic and 

colorectal cancers (Türeci et al., 2016).  

Whether a similar approach is feasible for MPN patients has not yet been evaluated. MPN 

diseases are considered hematologic cancers with a relatively low mutational burden. 

Therefore, it is often assumed that these cancers tend to form less immunogenic 

neoantigens (Schumacher and Schreiber, 2015). However, many studies rely only on 

SNVs for the quantification of neoantigen burden and neglect other sources of 

neoantigens coming from frameshift, fusions and splicing related defects (Figure 9). 

Mutations leading to shift in the reading frame have been demonstrated to act as potent 

and specific immunogens (Lennerz et al., 2005; Saeterdal et al., 2001). In addition, 

spontaneous T cell responses specific for MPN driver mutations JAK2 and CALR have 

been reported, establishing MPN diseases as potentially promising targets for cancer 

immunotherapy approaches (Holmström et al., 2017, 2016). Therefore, a systematic 

approach, taking into consideration as many sources of neoantigens as possible for each 

patient is warranted for MPN diseases.  

 

Figure 9: Various classes of mutations can form potential neoantigens. Non-

synonymous SNV often leading to protein alterations in a single amino acid. Fusions, 

frameshift mutations, and splicing alterations can form long stretches of novel peptide 

sequences. 
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2 AIM 

The main aim of this thesis was to explore novel diagnostic and therapeutic applications 

using whole transcriptome sequencing data of MPN patients. More specifically, I aimed 

to  

• identify novel makers of clonality in granulocytes of female MPN patients using 

variant allele frequencies from SNP from the X chromosome, 

• establish a fusion detection workflow for systematic identification of fusion genes 

using transcriptome sequencing data, 

• explore the fusion gene landscape of MPN diseases with emphasis on triple-

negative MPN and secondary AML patients, 

• describe the mutational landscape of the transcriptome including SNVs, Indels in 

MPN and splicing related defects in PMF patients with mutations in splicing 

factor gene SF3B1, 

• determine mis-spliced genes and identify those splicing alterations with putative 

protein altering consequences in SF3B1 mutated PMF patients, 

• assess the clinical relevance of SF3B1 mutated MPN patients, 

• establish a neoantigen discovery workflow relying solely on transcriptome data, 

• explore and mine the neoantigen landscape of MPN patients. 
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3 RESULTS 

The same whole transcriptome dataset of 104 chronic MPN patients and 15 controls were 

used for results section 3.1 and 3.2. Results section 3.2 also included 9 secondary AML 

patients. Clinical patient data for results section 3.1 and section 3.2 was added to the 

appendix of this thesis (Supplementary Table 1). Column ‘upn.clone’ contains unique 

patient identifiers for results section 3.1, column ‘unique.patient.identifier’ for results 

section 3.2. In results section 3.3 targeted sequencing was performed for additional 482 

MPN patients.  

3.1 Estimation of clonality in granulocytes using variant calls on 

X-chromosome from RNA-seq data 

We took advantage of our transcriptome-wide variant calling to extract a total of 104,722 

exonic variants located on the X chromosome. The variants were called and filtered from 

granulocyte RNA of 104 chronic MPN patients and 15 controls as described in section 

5.1. In short, variants with a quality by depth of less than 1, covered by less than 10 reads 

(read depth <10) and located in repetitive regions of the genome or previously reported 

to reside in genes with known X inactivation escape (“escape genes”) were removed. 

Only SNVs reported as polymorphisms (SNPs) were considered. Finally, 15,934 variants 

passed all filtering steps.  

Variant allele frequencies (VAFs) were extracted for each variant and visualized as 

histograms (Figure 10). The distribution of VAFs had for each sample distinct shapes, 

ranging from complete unimodal (Figure 10A) to bimodal distributions (Figure 10B, 

10C). The center of the distribution was used to estimate a ‘global’ ratio of X-inactivation 

(XCI ratio) for each sample (Figure 17, 18, and 19 in Material and Methods). The 

global XCI ratio represents the extent of granulocyte clonality for each sample. 

High concordance of XCI ratio was observed between technical replicates of 4 control 

samples (Figure 11). 
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Figure 10: Variant allele frequency (VAF) distributions for three representative 

MPN patients. VAFs versus the read depth (coverage) for each variant are shown for 3 

samples. Histograms and density plots visualize the distribution of VAFs and read depth 

of these variants. Distribution of VAFs range from unimodal (A) to bimodal (B and C). 

The center of the distribution is translated to a global XCI ratio for each sample (see 

material and methods). The XCI ratio represents the extent of granulocyte clonality (from 

fully polyclonal (XCI ratio 50:50) to clonal (XCI ratio 100:0) for each sample (XCI 

ratio=50:50 for Figure 10A; XCI ratio=70:30 for Figure 10B; XCI ratio=90:10 for 

Figure 10C). The read depth cutoff indicates the threshold for filtering variants covered 

by less than 10 reads. Only variants colored in red are used for XCI ratio estimation. 

 

 

Figure 11: Comparison of XCI ratios for four technical replicates. CA003 is a male, 

CA0011, CA009, and CA004 are female samples. 
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First, we tested whether individual genes used for conventional determination of X 

chromosome inactivation on RNA level like G6PD, MPP1/P55, IDS (Briere and El-

Kassar, 1998; el-Kassar et al., 1997) and the master regulator of X-inactivation XIST 

(local approach), behave similar to the global estimation of XCI ratios (pooling variants 

from several genes on the X chromosome or global approach). For that purpose, we 

correlated the VAFs of each gene and sample with the XCI ratio estimated using a global 

approach (global XCI ratio) and calculated a correlation coefficient τ (tau) (section 3.1.1, 

Figure 15). For each gene X, the correlation coefficient τ was plotted against the number 

of informative (or heterozygous) samples for gene X (Figure 12). 

 

Figure 12: Known and novel marker genes of clonality. For each gene the variant allele 

frequency was correlated against the global XCI ratio estimate for each sample and a 

correlation coefficient τ (tau) was assigned to each correlation (Figure 15). A non-

parametric rank correlation analysis was used to estimate the correlation coefficient τ (or 

Kendall’s τ). The number of heterozygous or informative samples was extracted for each 

gene and was plotted against the correlation coefficient τ. The size of the circles for each 

gene, reflects the significance of the correlation -log10(P-value). Significant correlations 

(τ>0.6) were colored in blue (P-value <0.05). Selected gene names of 33 genes are shown 

to allow for better visibility. 

Interestingly, the gene with the highest correlation and a significant P-value (τ=0.89, P-

value=0.00024) was XIST, a major effector of the X inactivation process (Augui et al., 

2011). Other genes with significant correlations (τ>0.6) were CXorf65, WDR44, MED12, 
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G6PD, RPS6KA3, C1GALT1C1, RPGR, GAB3, ARMCX3, ZNF674, FAM3A, USP9X, 

TBL1X, and PGK1 (Figure 12 (highlighted in blue); section 3.1.1, Figure 15). Among 

these, G6PD is a known gene used for protein or mRNA clonality assays (Prchal and 

Guan, 1993). Other established markers of clonality such as IDS and MPP1 (Chen and 

Prchal, 2007; Gregg et al., 2000) were not among the highly ranked genes and had low 

correlations (τ<0.6). We report new marker genes such as CXorf65, WDR44, and MED1, 

which have not previously been described.  

Next, we analyzed our healthy cohort (7 females and 8 males). Healthy females had an 

approximate 2:1 ratio of heterozygous versus homozygous variants whereas healthy 

males with only one X chromosome had exclusively homozygous variants (Figure 13). 

 

Figure 13: XCI ratios in healthy individuals. (Upper panel) The number of 

homozygous and heterozygous variants extracted from the X chromosome for each 

sample are shown as bar graphs. (Middle panel) Only heterozygous variants are 

visualized as violin plots to emphasize the distinct shape of distributions. (Lower panel) 

Corresponding XCI ratios are depicted as needle plots were the mid line is the threshold 

between random XCI and a moderate skew. 

Five females had a random XCI (1/5 close to a moderate skew) and two females had a 

moderate skew (Figure 13). Previous analysis of X-inactivation in unaffected females 

have shown that the XCI ratio is normally distributed (section 1.2.2 Figure 4) (Amos-

Landgraf et al., 2006). Given the low number of females in our controls, we could not 

determine whether the reported XCI ratios in our healthy females reflect a normal 

distribution as expected in the general population.  

Following our healthy individuals, we wanted to assess associations between granulocyte 

clonality and genetic markers of clonality in female MPN patients such as somatic JAK2 
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and CALR mutations. PV patients were highly clonal (median XCI ratio=92:8; n=9) 

compared to healthy females (median XCI ratio=69:31; n=8) (Figure 14A). ET patients 

with a genetic marker (JAK2 or CALR mutated) were highly clonal (XCI ratio >90:10) in 

8/20 patients. Exceptions were present in patient with low burden JAK2-V617F mutations 

or in some patients with aberrations on chromosome 9 (Figure 14B). Interestingly, triple-

negative ET patients (Figure 14B) have a polyclonal pattern of XCI ratio (median XCI 

ratio=61:39; n=3) comparable to healthy females. The majority of PMF patients were 

clonal (19/29 with an XCI ratio >90:10) (section 3.1.1, Figure 16). 

 

Figure 14: XCI ratios for female PV and ET patients.  The first three panels follow 

the same description as in Figure 13. Global XCI ratios were sorted from lowest to 

highest and plotted accordingly. For each patient JAK2-V617F and CALR mutational 

burdens are reported in the two lower panels. Importantly, mutational burdens in JAK2-

V617F do not directly reflect the proportion of clonal cell populations if aberrations 

amplifying the JAK2-V617F mutation such as 9pUPDs and gains and trisomies of 

chromosome 9 are present. E.g. a patient with a JAK2-V617F burden of 50% and no 

aberrations has (very likely) a fully clonal cell population (each cell with a heterozygous 

JAK2-V617F mutations). For a patient with a burden of 50% and a clonal 9pUPD 

aberration the population of clonal cells is calculated as x=2b/(2+b), where b is the JAK2-

V617F burden [0-1] and x*100 is the % of clonal cells. 
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3.1.1 Supplementary Figures 

 

Figure 15: Correlation plots for genes highlighted in Figure 12. SNPs for each gene 

were extracted. For each patient the variant allele frequency of combined SNPs within a 

gene (local approach) was plotted against the global XCI ratio (global approach). A non-

parametric rank correlation analysis was used to estimate the correlation coefficient τ (or 

Kendall’s τ).  



 

42 

 

Figure 16: XCI ratios for female PMF patients. Figure description as in Figure 14.  
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Key Points 

• Driver mutations in CALR or MPL encode for predicted neoantigens that bind 

MHC class I with high affinity in MPN patients. 

• Overall, a substantial portion of MPN patients show evidence of recurrent 

candidate neoantigens, suggesting a potential use for targeted immunotherapy. 

 

Abstract 

Ph-negative myeloproliferative neoplasms (MPNs) are hematological cancers subdivided 

into entities with distinct clinical features. Somatic mutations in JAK2, CALR, and MPL 

have been described as drivers of the disease, together with a variable landscape of non-

driver mutations. Despite detailed knowledge of disease mechanisms, targeted therapies 

effective enough to eliminate MPN cells are still missing. In this study, we aimed to 

comprehensively characterize in 113 MPN patients the mutational landscape of the 

granulocyte transcriptome using RNA-seq data and subsequently examine the 

applicability of immunotherapeutic strategies for MPN patients. Following 

implementation of customized workflows and data filtering, we identified a total of 13 

(12/13 novel) gene fusions, 231 non-synonymous SNVs, and 21 Indels in 106/113 

patients. We found a high frequency of SF3B1 mutated PMF patients (14%) with distinct 

3’splicing patterns, many of these with a protein altering potential. Finally, from all 

mutations detected, we generated a virtual peptide library and used NetMHC to predict 

149 unique neoantigens in 62% of MPN patients. Peptides from CALR and MPL 

mutations provide a rich source of neoantigens due to their unique property to bind many 

common MHC class I molecules. Finally, we propose that mutations derived from 

splicing defects present in SF3B1 mutated patients may offer an unexplored neoantigen 

repertoire in MPN. We validated 35 predicted peptides to be strong MHC class I binders 

through direct binding of predicted peptides to MHC proteins in vitro.  Our results may 

serve as a resource for personalized vaccine or adoptive cell-based therapy development.  
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Introduction 

Ph-negative myeloproliferative neoplasms (MPN) are clonal hematological malignancies 

with frequent mutations in JAK2, CALR and MPL gene. Transformation to blast phase or 

secondary acute myeloid leukemia (post-MPN sAML) can occur. MPN patients testing 

negative for  disease driver gene mutations are often referred to as “triple-negative”1,2. 

Targeted and whole-exome sequencing effort have identified single nucleotide variants 

(SNVs) and small insertions and deletions (Indels) with low overall mutation frequency 

in essential thrombocythemia (ET), polycythemia vera (PV), and primary myelofibrosis 

(PMF)1,3,4. Other mutation classes, such as gene fusions and splicing-related defects, have 

never been systematically mapped and explored in MPN. RNA-seq is the preferred 

method for the transcriptome wide discovery of these mutation classes8. One of the aims 

of our study was to extensively characterize the mutational landscape of MPN patients 

using a transcriptome-based approach.  

Spontaneous T cell responses of CD8+ and CD4+ T lymphocytes against MPN driver 

mutations JAK29 and CALR10,11 have been described, establishing MPN as potentially 

immunogenic neoplasms and suggesting the usage of personalized cancer vaccines, 

checkpoint inhibitor, adoptive T-cell therapy or combinations of those12 for the treatment 

of MPN. Neoantigens that also function as oncogenic driver mutations in the respective 

disease are highly attractive targets since they are shared between patients, essential for 

tumor survival and expressed in the disease causing clone13–15. However, the huge 

diversity in HLA haplotypes significantly restricts the abundance of neoantigens. 

Therefore, further exploration of the neoantigen repertoire in MPN is essential in order to 

evaluate if the MPN somatic mutational landscape offers the possibility to identify 

candidate neoantigens for immunotherapy. In this study, we provide a framework for 

further systematic identification of MPN neoantigens for mutation classes such as SNVs, 

Indels, gene fusions, and splicing abnormalities16, solely based on RNA-seq data obtained 

from granulocytes – the most abundant clonal myeloid cell type in MPN. Many of these 

mutation classes lead to frameshifts and introduction of novel amino acid sequences and 

therefore the distinction from non-mutated protein sequence is more dramatic (compared 

to SNVs). These mutation classes have also been shown to act as potent and specific 

immunogens17,18. We predicted neoantigens for each patient in our MPN cohort on a 

personalized level taking into account each patient’s MHC class I (MHCI) genotype. 

Finally, we validated the peptide:MHCI binding affinity for a subset of candidate 

neoantigenic peptides and thereby established a resource for immunotherapy in MPN.  
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Material and Methods 

Data access 

Whole-transcriptome sequence data has been deposited at the European Genome-

phenome Archive, under accession number EGAS00001003486.  

 

Code availability 

The source code for the implementation of the workflows described in this study is 

available for download and use on GitHub (http://github.com/sp00nman/rnaseqlib).  

 

Patient and control samples 

A total of 104 MPN patients and 15 healthy controls were recruited into the study at the 

Medical University of Vienna, Austria and 9 post-MPN sAML patients from the 

Fondazione IRCCS Policlinico San Matteo Pavia, Italy. (Figure 1A, Table 1). The study 

was reviewed and approved by local ethics committees and all patients and healthy 

controls signed an informed consent in accordance with the Declaration of Helsinki. 

Criteria applied for the diagnosis of patients were described previously1 (Supplemental 

Table 1). 

 

Transcriptome library preparation and sequencing 

Total RNA was isolated applying standard procedures from peripheral blood granulocytes. 

Next-generation sequencing of cDNA libraries of polyA-enriched RNA were generated 

using different library preparation kits and sequenced in various configurations on an 

Illumina HiSeq2000 instrument as listed in Supplemental Table 2.  

 

Driver mutation analysis 

The presence of mutations and mutational burden of JAK2, MPL and CALR were 

determined in all patients as described in Klampfl et al., 20131.  

http://github.com/sp00nman/rnaseqlib
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Transcriptome data analysis for fusion detection and validation 

Sequencing reads were mapped and processed independently with fusion detection tools 

defuse, tophatfusion and soapfuse using human genome version GRCh37 or hg19. The 

results of these fusion detection algorithms were merged and further filtered as described 

in Supplemental Methods. The fusion candidates that passed the filtering steps were 

validated by reverse transcription polymerase chain reaction (RT-PCR) using RNA 

isolated from human peripheral granulocytes, followed by Sanger sequencing of the PCR 

products as described in Supplemental Methods.  

 

Variant calling on RNA sequencing data and targeted re-sequencing of patients’ genomic 

DNA 

For the purpose of identification of single nucleotide variants (SNVs), small insertions 

and deletions (Indels), we developed a workflow combining GATK’s (version 3.4-46) 19 

“Best Practice workflow for RNA-seq” with in-house algorithms for reducing false-

positive calls (see Supplemental Methods). Variants were filtered to enrich for somatic 

mutations as described in Supplemental Methods. For 77 patients additional targeted re-

sequencing of genomic DNA was performed (Supplemental Methods). 

 

Estimating expression values on a gene level and differential expression analysis 

Sequencing reads were trimmed (Trimmomatic) and aligned with the STAR aligner to 

the UCSC hg38 reference genome. Reads overlapping transcript features were counted 

with the summarizeOverlaps function of Bioconductor library GenomicAlignments. A 

detailed description of the workflow is described in Supplemental Methods. The 

Bioconductor package DESeq2 was then used to model the data set and call differentially 

expressed genes.  

 

Identification of aberrant 3’ splicing in SF3B1-mutated patients and validation 

RNA-seq reads were aligned to the human genome as described in the Variant calling on 

RNA sequencing data section. Splice junction coverage files SJ.out.tab from STAR 

aligner were used for further splice junction analysis. Aberrant 3’ splicing was detected 

following published instructions20. Novel splice junctions were defined as described in 

Supplemental Methods. Differential splice site usage was tested with the testForDEU 
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function of the DEXSeq Bioconductor package (version 1.14.2)). Obtained P-values were 

adjusted for false discovery rate (FDR) using the Benjamini-Hochberg procedure. 

Hierarchical clustering was performed using the R package pheatmap. Percent-spliced-in 

(PSI) scores for alternative 3’ splice sites (3’ss) were calculated as described in Figure 

4A. Aberrant 3’ss were validated with fragment length analysis using capillary 

electrophoresis as described in Supplemental Methods. 

 

Neoepitope prediction and prioritization 

We generated FASTA sequences of peptides from mutation classes such as SNVs, Indels, 

fusions and aberrantly spiced genes as described in Supplemental Methods. Predicted  

HLA-I alleles for each patient (seq2HLA21, release 2.2) and the mutated peptide 

sequences were used as input for NetMHCpan22 (version 4.0) to predict binding affinities 

of 8, 9 and 10-mer peptides to MHCI proteins. We further filtered the NetMHCpan results 

based on criteria defined in Supplemental Methods.   

 

Peptide:MHCI binding validation through peptide exchange technology 

HLA Flex-T monomers (HLA*A03:01, HLA*A11:01, HLA*B07:02, HLA*B08:01) as 

well as positive and negative control peptides with known binding affinities were 

purchased from BioLegend. The peptides were custom-designed by Eurogentec. 

Monomers were mixed 1:1 with the appropriate peptides and incubated for 30min under 

UV light (365nm) and afterwards kept for 30min in the dark. 1µl of this mixture was then 

used 1:1000 in duplicates in the ELISA following the Flex-T HLA Class I ELISA 

protocol from BioLegend. The read-out is shown as mean absorbance. 

 

Statistical analysis 

Pairwise associations of genes and diseases were calculated using Fisher’s exact test 

followed by FDR correction (Benjamini-Hochberg). All statistical analysis was 

performed using R (version 3.2.3 2015-12-10).    
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Results 

Using whole-transcriptome sequencing, we analyzed RNA from granulocytes of 104 

patients with chronic MPN (32 ET, 17 PV, 55 PMF) and 9 patients that transformed to 

post-MPN sAML, as well as 15 healthy controls (n=128). (Figure 1A, Table 1, 

Supplemental Table 1, 2). We established a transcriptome-based bioinformatics 

workflow to enable the identification of gene fusions, variants (SNVs & Indels) and 

splicing abnormalities (Figure 1B, Supplemental Figure 1).  

 

Fusion discovery  

To establish the fusion discovery workflow, we first performed RNA sequencing of 20 

patient samples from various hematological malignancies with known fusion genes 

validated with fluorescence in situ hybridization. Except for fusion rearrangements 

involving promoter exchange (most IGH-fusions), which are known as difficult to capture 

with RNA-seq, we were able to recover all validated fusions and identify novel fusion 

partners (Supplemental Figure 2A, 2B and Supplemental Table 3). Next, we applied 

the same workflow to the MPN patient cohort and identified a total of 13 fusions that 

passed all filtering criteria (Supplemental Figure 3A–3F, Supplemental Table 4). All 

cDNA breakpoints were validated by Sanger sequencing (Supplemental Figure 4). 

Eleven out of 13 fusions were detected in chronic-phase MPN and 2 in post-MPN sAML 

patients (Figure 1C, Supplemental Figure 5A). The majority (8/13) of fusions had 

fusion partners in trans (i.e. on different chromosomes) and were, therefore, suspected to 

be caused by translocations. The remaining 5 fusions were formed in cis by inversions 

(n=3), by a large-scale deletion (n=1) and by a tandem duplication (n=1) (Supplemental 

Figure 5A, 5B).  

Fusion discovery results were merged with cytogenetic aberrations data obtained from 

Affymetrix SNP 6.0 arrays to verify if breakpoints coincided (Supplemental Figure 5B 

and Supplemental Table 4, 5). A large chromosome 13q deletion detected by SNP 

arrays in a PMF patient lead to a FRY-MYCBP2 gene fusion (Supplemental Figure 4D). 

None of the other fusion genes overlap with previously detected chromosomal aberrations 

or were not within the detection range of SNP arrays. RNA expression values for most 

fusion genes were low (mean=3.2, SD=2.3 SRPKM), except for FRY-MYCBP2 (106.7 

SRPKM), (Supplemental Figure 5C), however, the respective wildtype gene expression 
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value for each gene forming part of the fusion varied considerably (Supplemental Figure 

5D). 

Among the 13 fusions found in MPN and post-MPN sAML patients, BCR-ABL1 t(8;22) 

and INO80D-GPR1 inv(2) were the only in frame fusions. (Supplemental Figure 4A, 

4H). For the INO80D-GPR1 inversion, we identified the genomic breakpoint region to 

be in intron 8 (genomic position chr2:206,584,716; hg19) of INO80D and exon 4 

(chr2:206,750,070; hg19) of GPR1 (Supplemental Figure 4I). We screened additional 

96 MPN patients for presence of INO80D-GPR1, however no other occurrence was found, 

suggesting that this inversion is likely a private somatic aberration. 

 

Variant calling at transcriptome-level and mutation frequencies in MPN 

Next, we applied the variant discovery workflow on RNA data and called variants in 87 

genes recurrently mutated in myeloid malignancies and/or MPN (Supplemental Table 

7). After applying RNA-specific filtering criteria (Supplemental Methods - RNA-

specific filter a-e), we identified 262 variants in 59/87 genes in 106/113 patients. Of the 

262 variants, 221 were non-synonymous SNVs, 13 deletions, 18 insertions and 10 stop-

gain mutations (Figure 1C, Supplemental Table 8).  

To cross-validate variant calling based on RNA, 77 matching genomic DNA samples 

from the same patient were sequenced via the TruSight Myeloid targeted re-sequencing 

panel (Illumina) (Supplemental Table 9). We found an overall concordance of 82.2% 

for SNVs (10x coverage, VAF>0.1), which is consistent with published findings23,24 

(Supplemental Figure 6D and Supplemental Table 10).  To test whether variant allele 

frequencies (VAF) vary significantly between RNA and DNA, we compared VAFs for 

JAK2-V617F assessed with allele-specific PCR on genomic DNA with VAFs obtained 

from RNA sequencing. We observed a highly significant correlation between these two 

methods (R2=0.86, P-value=2.2x10-16) (Supplemental Figure 6C). In addition, most of 

the called RNA variants were called on clonal cell populations and were expressed in 

myeloid cells. More than half of the variants were annotated in the COSMIC database as 

‘confirmed somatic mutation’ and were frequently located in oncogenic hotspots (Figure 

2, Supplemental Table 11 &12, and Supplemental Figure 7). 

We identified a high frequency of mutations in epigenetic modifiers such as TET2 (18.8% 

ET, 21.8% PMF, 17.7% PV) and DNMT3A (3.2% ET, 12.7% PMF, 11.8% PV), as well 

as an unexpectedly low frequency of ASXL1 mutations in PMF (3.13% ET, 3.64% PMF, 
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11.76% PV) compared to published data3,4 (Figure 2, Supplemental Table 11). We also 

found unexpectedly high frequencies of mutations in NOTCH1 (3.1% ET, 7.3% PMF, 

17.7% PV), SH2B2 (3.1% ET, 3.6% PMF, 17.7% PV) and SF3B1 (0% ET, 14.6% PMF, 

0% PV).  

 

SF3B1-mutated patients display a distinct pattern of 3’ splicing abnormalities 

The high frequency of mutations in the SF3B1 gene in our RNA cohort was restricted to 

PMF patients (9/55; 16.3%). Furthermore, SF3B1 mutations were mutually exclusive 

with mutations in other genes of the splicing machinery (U2AF1, SRSF2, and SF3A1) and 

the patients were either JAK2-V617F or CALR mutation positive (Figure 3A). The 9 PMF 

patients with SF3B1 mutations had non-synonymous amino acid changes (K700E, 

K666N/R/T and R594L) and except for R594L, all mutations coincided within mutation 

hotspot sites when compared to mutation data extracted from the COSMIC database25 

(Figure 3B). To evaluate if these mutations introduce splicing abnormalities, we 

performed differential junction expression analysis comparing PMF patients carrying 

canonical SF3B1 mutations (K666/N/R/T, and K700E) with the remaining 47 SF3B1 

wildtype PMF patients and 15 healthy controls. Using DEXseq we identified a total of 

330,031 junctions of which a total of 850 differentially expressed junctions (adjusted P-

value<0.1, log2(fold change-FC)>0) exhibited a novel 3’ or 5’ splice site in the SF3B1-

mutant patients (Supplemental Table 13). Aberrant novel 3’ splice sites (3’ss) were 

around 4.9-fold more abundant than 5’ss (705 vs 145; Figure 3C). Focusing on aberrant 

3’ss, we calculated the nucleotide distance for the aberrant 3’ss from its canonical splice 

site and observed a high enrichment between nucleotides 10 to 30 (Figure 3D). For 271 

aberrant 3’ss within 10-30 nucleotides from its canonical splice site we could show 

distinct clustering of canonical (K700E, K666N/R/T) SF3B1 mutations and non-mutated 

or non-canonical SF3B1 (R594L) mutations (Figure 3E, Supplemental Table 14). We 

observed both shared and mutation-specific aberrant 3’ splicing patterns between K700E 

and K666N/R/T (Figure 3F). In order to examine if other mutations in the splicing 

machinery (U2AF1, SRSF2, and SF3A1) have a similar impact on 3’ss, we included 

patients with mutations in these genes and performed hierarchical clustering. As 

previously reported for other cancer types26, only K700E and K666N/R/T SF3B1 

mutations showed a strong penetrance for the 3’ splicing abnormality phenotype 

(Supplemental Figure 8). To examine if the 3’ splicing abnormalities we identified in 

PMF are shared among other malignancies, we compared differentially spliced junctions 
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among 6 additional cancer types where mutations in the splicing machinery have been 

previously described27–30. This analysis revealed that the 3’ splicing abnormalities we 

discovered in SF3B1-mutated PMF are disease-specific. However, genes with the highest 

percentages of aberrant transcripts showed more frequent overlap among the analyzed 

cancer types (Supplemental Figure 9). When we quantified the overlap across all cancer 

types, 2 genes with aberrant splicing (OXA1L and SLC3A2) were shared in all 7 analyzed 

cancer types (Supplemental Figure 9C). In SF3B1-mutated PMF patients we detected 

141 unique splicing aberrations (Supplemental Table 15). 

 

Identification of 3’ splice sites with highest impact on predicted amino acid changes  

Next, we aimed to identify those 3’ splice junction sites with the greatest impact on the 

protein sequence. We calculated the percent spliced in (PSI) value for each splice site and 

patient (Figure 4A), which represents the percentage of the abnormal transcript of the 

total number of transcripts. A total of 43 novel 3’ splice junctions showed a median PSI 

≥  20% for SF3B1-mutated patients (Supplemental Table 16). After predicting the 

impact of each splicing abnormality on the amino acid sequence, we selected 20 splicing 

abnormalities that resulted in a frameshift and truncation of the protein or introduced a 

stretch of novel amino acids in frame to the native protein sequence. Hierarchical 

clustering of PSI values of aberrant 3’ss in relation to canonical splice sites showed 

preferential usage of aberrant 3’ss by SF3B1-mutated patients compared to SF3B1-

wildtype patients (Figure 4B). Aberrant 3’ss usage was also dependent on specific SF3B1 

mutants (K700 and K666) (Figure 4C). We confirmed the presence of 19/20 abnormal 

splice events detected by RNA-seq using an alternative methodology (fragment length 

analysis of RT-PCR products) in 4 patients (P009A, P040B, P048A, P069A) (Figure 4D, 

4E). In Figure 4F we summarized several attributes for the selected 20 genes. 

Interestingly, of the 16 out of frame truncations, only the TTI1 gene showed a significant 

(log2(FC)=-0.38; adjusted P-value=0.034) decrease of the mRNA level, suggesting that 

non-sense mediated decay (NMD) does not influence the transcript abundance in most of 

the selected genes. Moreover, OXA1L showed even a significant elevation 

(log2(FC)=0.86; adjusted P-value =2.02x10-7) of the mRNA level despite the presence of 

a truncation (Supplemental Table 17).  
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RNA-based workflow for systematic identification of neoantigens 

Published workflows for neoantigen discovery rely on exome sequencing combined with 

transcriptome sequencing to focus only on expressed variants31–33. In our approach, we 

bypassed the exome sequencing step by calling the expressed mutation classes directly 

from transcriptome data. In addition, we called MHCI haplotypes directly from 

transcriptome data for 113 MPN patients and controls (Supplemental Table 18). For 

each of the HLA-A, HLA-B, and HLA-C genes, we identified the 4 most frequent alleles 

in our cohort (Supplemental Table 19). Next, we used the peptide-to-MHCI 

(peptide:MHCI complex) binding prediction algorithm NetMHCpan22 to predict tumor 

specific neoantigens for MHCI presentation.  

To examine the number of predicted neoantigens for the 12 most common HLA alleles 

in our patient cohort, we generated a virtual peptide library based on the mutations 

detected at RNA level. This peptide library consisted of 541 patient-specific (or 149 

unique) peptides predicted to have a binding affinity to one of the 12 common MHCI 

proteins. On cohort level, 102 were predicted to have a strong binding (%Rank <0.5), 

while 439 were weak binders (%Rank <2) (Figure 5A, Supplemental Table 20). In 86% 

of peptide:MHCI pairs, the peptide was derived from frameshift causing mutations 

emphasizing their potential role as a source of neoantigens (Supplemental Figure 10). 

Although CALR occupied the majority (n=403; 86.9%) of peptide:MHCI pairs, 

neoantigens derived from frameshift mutations in TET2 (n=16; 3.5%) were also present, 

but none of these were shared within the MPN cohort. 

 

MPN driver mutations CALR and MPL are a rich source of neoantigens 

Driver mutations in MPN are well-characterized and are represented by JAK2-V617F, 

MPL-W515K/L/A and frameshift mutation in CALR. Since the more frequent MPL-

W515L and MPL-W515K point mutation were not present in our cohort, we tested these 

separately for peptide:MHCI interactions. Predictions of 4 of the most common HLA-A, 

HLA-B, and HLA-C alleles resulted in 42 peptide:MHCI pairs for CALR and 17 

peptide:MHCI pairs for MPL-W515K/L/A (Figure 5B, Supplemental Table 20, 21). 

The CALR ins5 mutation form more unique predicted neoantigens than the CALR del52 

mutation towards the N-terminus of the CALR protein (Figure 5E). We did not identify 

any binding peptides derived from the JAK2-V617F driver mutation for any of the HLA 

genotypes tested. 
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Identification of neoepitopes in aberrantly spliced genes 

Next, we wanted to examine if the peptide sequences derived from abnormally spliced 

genes in SF3B1-mutated patients may serve as putative neoantigens. Out of the 850 

differentially expressed junctions, 21 aberrant splice sites (Supplementary Table 13) 

were not expressed in SF3B1-wildtype patients. While these 21 splice sites may, from a 

tumor-specificity point of view, present suitable candidates for neoantigens derived from 

aberrant splice sites, none of these splice sites passed other equally important criteria 

defined in Supplemental Methods. Therefore, we focused our analysis on our previously 

defined set of 19 genes affected by aberrant splicing listed in Figure 4F, leaving the 

question of true tumor specificity open. We used NetMHCpan to predict peptide:MHCI 

binding applying the same criteria for weak and strong binders as previously described. 

169 peptides had at least 1 MHCI protein with a predicted binding %Rank <2 (Figure 

5C, Supplemental Table 22). We counted the number of predicted neoantigens 

considering each patient’s personal MHCI haplotype. Patients with SF3B1 and CALR co-

occurring mutations had the highest number of neoantigens presented by patient’s own 

MHCI variants (68.0 average number of predicted weak binders and 21.6 predicted strong 

binders) (Figure 5D, Supplemental Table 23). 

 

In vitro-validation of predicted peptides to MHCI protein 

To validate the predicted peptide:MHCI binding, an ELISA-based peptide exchange 

assay was used34. We experimentally tested 35 peptides predicted to bind either weakly 

(n=15) or strongly (n=20) to 4 commercially available HLA monomers (A*03:01, 

A*11:01, B*07:02, and B*08:01). Control peptides of known strong or weak binding 

affinity were available for A*03:01, A*11:01, and B*07:02 (Figure 5F, Supplemental 

Table 24).We defined a threshold for binders versus non-binders as 2 standard deviations 

from the mean of the absorbance values of 3 positive control peptides in the ELISA assay. 

Using an in vitro binding assay, we could validate 23 of the 35 (65.7%) predicted 

peptide:MHCI interactions.  
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Discussion 

We studied the global transcriptome of 113 MPN patients using RNA-seq technology and 

described in detail their mutational landscapes. We established an RNA-seq based 

pipeline utilizing high quality transcriptome data as an alternative method for neoantigen 

discovery. This is the first study that globally annotated the MPN transcriptome with the 

aim to identify and systematically mine MPN-relevant, putative neoantigens for targeted 

immunotherapy of MPN. 

Another novel aspect of this study is the global analysis of gene fusions in MPN that are 

missed by targeted or exome sequencing. We detected and annotated gene fusions in a 

systematic and unbiased high-throughput transcriptome-wide approach. Fusion genes 

found in chronic MPN (JAK2 or CALR-positive) were scarce. Except for known and in 

frame BCR-ABL1 oncogenic fusion found in one PMF patients, 10 fusions detected in 

chronic MPN were novel and out of frame. For some fusions we observe high expression 

of wildtype gene and low expression of the fusion transcript, which is suggestive for 

fusion formation through trans-splicing events as suggested by previous studies35,36. Lack 

of recurrence for any of the identified fusions prohibited any mechanistic studies. Two 

out of 9 post-MPN sAML patients had fusion genes (INO80D-GPR1 and XPO5-RUNX2) 

not previously described. Surprisingly, no typical de novo AML fusion oncogenes were 

detected, emphasizing the distinct nature of disease progression in post-MPN sAML 

compared to de novo AML37. Interestingly, predicted protein products of fusion genes, in 

particular frameshifts or their junction regions, were not a significant source of 

neoantigens.  

We focus our analysis on 86 genes frequently mutated in clonal myeloid diseases. In 

addition, we reported HLA genotypes extracted from RNA-seq data in a cohort of 113 

MPN patients. This enabled us to make a truly personalized prediction of neoantigen 

occurrence for each MPN patient. Although the number of Indels and SNV identified per 

patient was low as expected for MPN 4, we could still identify 149 unique neoantigens in 

62% of MPN patients that could have potential use for personalized cancer 

immunotherapy approaches.  

Having defined a gene set with the highest impact on protein sequence, we hypothesized 

that splicing abnormalities induced by canonical SF3B1 mutations may serve as potential 

neoantigens for MPN. Several findings strengthened our assumptions that frameshift 

mutations caused by aberrant splicing might indeed serve as potent neoantigens. We 



 

56 

could show high expression and high VAF of the mutant copy of SF3B1. The aberrantly 

spliced genes we described did not show frequent down-regulation on mRNA levels (with 

exception of TTI1), arguing against the involvement of nonsense-mediated decay of 

aberrant transcripts as previously suggested by other studies29,38. Furthermore, for 15 

peptides derived from abnormally spliced genes we showed strong affinity to common 

MHCI molecules using an in vitro binding assay. Although additional studies are needed 

to demonstrate their immunogenicity, peptides derived from splicing defects may 

represent recurrent immunotherapy targets, perhaps as valuable as peptides derived from 

the frameshifted CALR oncogenic MPN driver. Finally, although our research did not 

provide evidence of these aberrant transcripts on a protein level, a recent study identified 

so called ‘neojunctions’ in SF3B1 mutated cancers and could confirm presence of these 

neojunctions on protein level using mass spectrometry approaches39. We think, it would 

be of great interest for future research to formally show that our candidate splicing derived 

putative neoantigens are indeed translated to proteins and therefore potentially capable of 

being presented in MHCI complexes on the cell surface. 

Another important question is the tumor specificity of the splicing defects. Aberrant 

splicing at a specific junction may also occur at lower frequency in healthy cells so that 

targeting the resulting protein sequence may cause autoimmunity and toxicity40,41. Our 

results show for several candidate genes weak presence of the aberrant transcripts in 

SF3B1 non-mutated patients. Nevertheless, a search through the human proteome 

database with the translated novel protein sequences did not yield any significant 

matches, excluding the possibility that any of these aberrant transcripts are merely 

alternative isoforms. Thus, further experimental evidence to show tumor specificity on 

protein level is required to classify whether aberrant 3’ss are true neoantigens or tumor-

associated antigens overexpressed in tumor cells. 

Our future studies will be aimed at annotating the candidate neoantigenic peptides 

identified in this study for the ability to induce T cell activation both, in healthy controls 

and in SF3B1-mutated MPN patients to prove that these are truly immunogenic antigens. 

In summary, our study may serve as a foundation and resource for the development of 

individualized vaccines or adoptive cell-based therapies for MPN, in particular for PMF 

patients, where the unmet medical need is greatest.  
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Tables 

Patients     Count       

Healthy controls  15    

Patient cohort (without replicates) 113       

       

Demographics           

Sex       

Male     50       

Female   63    

Age, mean +/- SD   66.0 +/- 12.1       

       

WHO classification (2016)         

ET   32 (30%)    

PV     17 (16.4%)       

PMF   55 (52.9%)    

sAML     9       

       

Genotype            

ET   17 JAK2-V617F, 11 CALR (type 1 & 2)  

PV     16 JAK2-V617F, 1 JAK2 exon 12    

PMF   26 JAK2-V617F, 29 CALR (type 1 & 2)  

Triple-negative   4       

Post-MPN sAML  8 JAK2-V617F, 1MPL-W515A   

              

Blood parameters at diagnosis ET PMF PV  

Hemoglobin level  14.0 +/- 1.3  12.6 +/- 1.8 NA g/dL 

White blood cell count 9.4 +/- 2.8 9.9 +/- 5.3 NA g/dL 

Platelet count   853.6 +/- 294.1 762.7 +/- 444.6 NA *109/L 

       

Outcome           

Overall survival (months) 185 +/- 77 158 +/- 87  145 +/- 86   

 

Table Legends 

Table 1.  Description of the patient cohort and clinical parameters. PV patients were 

all JAK2 positive (16 JAK2-V617F, 1 JAK2 exon 12), 26 PMF patients were JAK2-V617F 

positive and 29 were CALR positive (17 type 1 or type 1-like, 12 type 2 or type 2-like), 

among ET patients 17 carried JAK2 mutations, 11 CALR mutations (4 type 1, 7 type 2 or 

type 2-like) and 4 patients were triple-negative cases. All post-MPN sAML patients were 

JAK2-V617F positive except for 1 patient with a MPL (W515A) mutation (Figure 1A, 

Supplemental Table 1).  
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Figure Legends 

Figure 1. Large aberrations and small mutations (SNVs and Indels) shape the MPN 

mutational landscape. (A) Distribution of diagnosis within MPN cohort (outer ring). 

Occurrence of the MPN driver mutation status within each diagnosis (inner ring). Number 

of patients for each diagnosis (center). Healthy controls are colored in grey. (B) 

Transcriptome sequencing was performed on granulocyte RNA from 113 MPN and 15 

healthy controls. Independent workflows for fusion calling, variant calling (SNVs and 

Indels) and differential splicing analysis (in SF3B1 mutated patients) were established. 

Mutations were called, filtered and validated and those leading to protein changes were 

translated to amino acid sequences. Neoantigens were predicted on a personalized level, 

taking each patient’s MHCI haplotype into consideration.  (C) A total of 123 MPN patient 

samples are depicted and sorted by diagnosis MPN driver mutation status (JAK2, CALR 

or MPL-positive) and non-driver mutation frequency. Patient sample replicates (n=10) 

sequenced across or with the same batch (A-E) are indicated in capital letters (A-J). 

(Chromosomal aberrations panel) Uniparental Disomies (UPDs), deletions and gains 

were called with Affymetrix SNP 6.0 arrays (Supplemental Table 5). (Fusion panel) 

Fusions were private among patients and colored by rearrangement type. Two fusions 

were reported for patient P106A#A. For fusion calling we combined the results of 3 fusion 

detection tools (defuse, soapfuse, and tophatfusion) in order to overcome algorithm-

specific biases, a practice frequently suggested in fusion benchmarking studies42,43. (MPN 

driver mutation panel) MPN driver mutation status (JAK2, CALR, and MPL) were 

determined as described in Supplemental Methods. (SNVs & Indels panel) Genes are 

grouped by occurrence in pathways and by mutation frequency. Mutations are colored by 

mutation type and a gradient for high and low SIFT score was applied (only for SNVs). 

Small rectangles with black frame enhance visibility for mutations with low SIFT score). 

Only those genes are shown with at least 2 mutations across the cohort (with exception 

of genes involved in the splicing machinery SRSF2, SF3A1). Gene names colored in blue 

are part of the TruSight Myeloid Targeted Sequencing panel. For validation variants from 

77 RNA/DNA pairs were compared (Supplemental Figure 6A-6D). Out of 113 variants, 

91 (81%) were concordant between RNA and DNA, 6 (5%) variants were only called on 

RNA, and 16 (14%) only on DNA level (Supplemental Table 10). Out of the 16 variants 

called on DNA only, 4 were filtered out due to RNA-specific filters (Supplemental 

Methods - RNA-specific filter a-e) the remaining 12 were not called due to low gene 

expression and low variant allele frequency.   
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Figure 2. Recurrent gene mutations, variant allele frequency (VAF) of mutations 

and gene expression in MPN cohort. Left panel: 35/87 myeloid related genes (Figure 

1C, Supplemental Table 7) with the highest mutation frequency within cohort are 

depicted. Mutations are sorted as described in Figure 1C and colored by diagnosis. 

Middle panel: VAF for each mutation colored by mutation type. Right panel: Gene 

expression values were reported for each patient as fragments per kilobase per million 

reads (FPKM) (Supplementary Table 12). Expression values are plotted as 

log2(FPKM). Patients with a mutation in the respective gene are shown as vertical bars. 

Numbers indicate the minimum and maximum expression value. 

 

Figure 3. SF3B1-mutated PMF patients show distinct aberrant 3’ splicing. (A) 

SF3B1 mutations were present in 9 PMF patients both, in JAK2 and CALR-positive 

patients. Other splicing factor mutations (U2AF1, SRSF2, and SF3A1) were mutually 

exclusive to SF3B1.  (B) Gene mutation map of SF3B1. Non-synonymous mutations in 

SF3B1 were located in oncogenic hotspot sites (K700E and K666N/R/T), except for 

R594L. Mutations in SF3B1 were overlaid with mutation data from the COSMIC 

database25 (y-axis counts at the bottom). (C) Comparison between the frequency of novel 

3’ and novel 5’splice sites. (D) Histogram showing the frequency of the log2 distance in 

nucleotides of the aberrant splice site from its canonical site. Zero indicates the start of 

the exon.  (E) Hierarchical clustering of log2-normalized z-scores for 271 significantly 

upregulated 3’ splice sites in SF3B1-positive patients located 10-30 base pairs away from 

the canonical splice site (Supplemental Table 14). (F) Mutation-specific splicing 

patterns were observed for amino acid change K700 and K666. 

 

Figure 4. Percent-splice-in value for aberrant 3’ splicing identifies 20 genes with 

putative alterations on the protein level. (A) Percent-spliced-in (PSI) values for 

alternative 3’ splice sites were calculated by dividing the (a) number of reads spanning 

the alternative 3’ splice site by the (b) number of reads spanning the alternative 3’ splice 

site plus the number of reads spanning the canonical splice site. (B) Hierarchical 

clustering of PSI values of novel 3’ splice site versus canonical 3’ splice sites of the top 

20 genes ranked by ascending PSI values. Only junction sites introducing novel peptide 

sequences were considered. (C) PSI-specific splicing patterns were observed for amino 

acid change K700 and K666. (D) Fragment length analysis was used to validate RNA-
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based PSI measurements. (E) Validation of PSI values for 4 patients and 3 healthy 

controls with fragment length analysis. Experimental PSI values were calculated using 

relative peak heights of canonical and alternate 3’ splice sites. No alternative 3’ splicing 

was present in patient and healthy controls for UBL7. (F) Differential splice junction 

expression (column 4-5), impact of the splicing aberration on the expression of the 

affected gene column 7-8). Differential splice junction and gene expression identified 850 

and 828 significantly regulated junctions and genes, respectively (Supplemental Table 

13, 17). Normalized junction and gene read counts were extracted for the previously 

identified top 20 genes with highest PSI. Column 6 & 9: Log2(Fold change) mutant versus 

wildtype for junction and gene expression. (Adjusted P-value) *P-value<0.05, ***P-

value <0.0005. Column 10: Predicted amino acid sequences introduced by the splicing 

defects. Abbr.: chr. – chromosome, Dst. – distal (distal acceptor distance – number or 

nucleotides between aberrant and canonical splice site). 

 

Figure 5. MPN driver mutations (CALR & MPL) and SF3B1-mediated splicing 

aberrations are a rich source of predicted neoantigens. (A) Number of predicted 

neoantigens (non-synonymous SNVs, Indels and fusions) for each patient, based on 

individual HLA haplotypes. For the prediction the 4 most common alleles for HLA-A, 

HLA-B and HLA-C within the MPN cohort were considered (Supplemental Table 19). 

Thresholds for weak (%Rank <2 & >0.5) and strong binders (%Rank <0.5) were selected 

based on the NetMHCpan authors’ recommendation. (B) Percentile rank score (%Rank) 

values for CALR, MPL, and (C) SF3B1 peptides predicted with NetMHCpan are plotted. 

HLA alleles, marked in red, were used for validation (Figure 5F). HLA MPN cohort allele 

frequencies are indicated in figure legend of Figure 5C (D) Number of predicted 

neoantigens (all mutation classes combined) for each patient with no CALR or SF3B1 

mutation, either of the two, or mutations in both genes, separated into weak and strong 

binders. CALR mutated patients had a mean of 8.0 weak binders and 2.3 strong binders, 

whereas SF3B1 mutated patients had an average of 38.2 weak binders and 16.2 strong 

binders without co-occurring with CALR mutations. For JAK2-V617F mutated patients, 

we found an average number of 0.9 and 0.1 predicted neoantigens for weak and strong 

binders, respectively (Supplemental Table 23). (E) CALR mutant tail “consensus 

sequence” as reported in Klampfl et al.1. The dots indicate the starting positions of 

peptides colored by peptide length. (F) Selected peptides (Supplemental Table 24) were 

synthesized and tested for binding to 4 MHCI molecules using an ELISA-based peptide 



 

     65 

exchange assay. The threshold for predicted binding was set as explained for Figure 5A. 

For experimental binding validation, the threshold was set at 2 standard deviations (2SD) 

from the mean of absorbance values of 3 positive control peptides (colored in red). 

Peptides above this threshold were considered strong binders. Of the 20 predicted strong 

binders, 15 gave binding values above the threshold (75.0%). Of the 15 predicted weak 

binders, 8 were above the threshold (53.3%). Color coding: green – CALR, yellow 

rectangle – MPL, and magenta – SF3B1 derived peptides. Abbreviations are listed in 

Supplemental Table 24.   
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Supplemental Methods 

Mutational Landscape of the Transcriptome Offers Putative Targets for Immunotherapy 

of Myeloproliferative Neoplasms 

 

Unique patient and sample identifiers 

Unique patient and sample identifier start with capital letter ‘P’, control samples with a 

‘C’, followed by a three digit number unique to each patient. After the digits a letter code 

[A-Z] identify individuals blood samplings (A..first sampling, B…second sampling etc). 

The ‘#’ separates the patient information (left of ‘#’) from the batch information (right of 

‘#’). Batches are labelled from A to E. (Example: P026A#B – Patient P, number 026, first 

blood sampling A, sequenced in batch B) 

Sample replicates 

Samples from 7 PMF, 2 PV, and 1 ET patient/s of the MPN cohort were sequenced in 

duplicates across different batches or within the same batch (see library preparation) as 

technical replicates. For patient P060 two serial samples (A and B) were drawn 6 years 

apart.  

Data integration and batch description 

Samples were labelled with different batch names A, B, C, D, and E and differed in RNA 

isolation procedure, library preparation, sequencing protocols, and the person handling 

the sample. In this study we integrated patient transcriptome sequencing data from these 

5 different sequencing experiments (batch A-E) (Supplemental Table 2).  

Microarray analysis 

DNA of 122/124 patient samples were processed and hybridized to Genome-Wide 

Human SNP 6.0 arrays (Affymetrix) according to manufacturer’s instruction. Arrays 

were analyzed as described in Klampfl. et al., 2011 (1).   

Fusion transcript detection with RNA sequencing data 

Raw FASTQ reads were processed with defuse (release 0.6.2) (2), tophatfusion (release 

2.0.14) (3) and soapfuse (release 1.26) (4) using the following parameters [defuse: 

defuse.pl –c $config_file -1 $R1_fastq -2 $R2_fastq –o $output_file; tophatfusion: tophat2 –o 

$output_directory --fusion-search --keep-fasta-order --bowtie1 --no-coverage-search –r $inner_mate 
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_distance –mate-std-dev 80 –max-intron-length 100000 –fusion-min-dis 100000 –fusion-anchor-length 13 

–fusion-ignore-chromosome chrM $genome_reference $R1_fastq $R2_fastq; soapfuse: SOAPfuse-

RNA.pl –c $config_file –fd $sample_directory –l $execution_directory –o $output_directory]. For defuse 

and soapfuse ENSEMBL human genome GRCh37 (version 69) 

(http://www.ensembl.org/info/ website/archives/) and for tophatfusion UCSC human 

genome (version hg19) (http://hgdownload. soe.ucsc.edu/goldenPath/hg19/) was used. 

The fusion candidates obtained by defuse, tophatfusion and soapfuse were combined and 

further filtered to reduce the amount of false positives calls using an in-house python 

script released on github (https://github.com/sp00nman/rnaseqlib). The workflow and 

filtering included (1) for defuse a minimum score of >0.8 and for tophatfusion >0 was 

necessary (soapfuse does not provide scores).  (2) [healthy] removal of fusion candidates 

found in at least one sample out of 25 healthy granulocyte RNA samples (3) [read 

evidence] fusion predictions required a minimum amount of 2 reads covering the junction 

of a fusion breakpoint and 1 read pair flanking the fusion breakpoint (4) [read-through, 

dshort distance] fusions between two neighboring genes or two genes in close proximity 

(less than 1000 base pairs apart) were removed only if an inversion or eversion event 

could be excluded (5) [no protein] predictions had to involve at least one protein coding 

fusion partner (6)[false positive] fusions were excluded where the fusion partner genes 

were totally or partially overlapping (7) [pseudogenes] as well as fusions between 

paralog or pseudogenes (8) [mappability] mappability tracks from ENCODE 

(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncode Mappability/) 

were used to extract mappability scores of 50 base pairs around the fusion breakpoint for 

each gene. Fusion genes were one of the partner gene had a mappability score less than 

0.1 were excluded (9) [blacklisted region] fusion genes were the breakpoint falls within 

regions of DAC (www.encodeproject.org/annotations/ENCSR636HFF/) were removed. 

(10) [HB gene, HLA gene] Finally, fusion candidates involving highly polymorphic 

genes of the human leukocyte antigen (HLA, http://hla.alleles.org/genes/) and 

homologous hemoglobin genes (HBB, http://www.ensembl.org/) were excluded from 

analysis. A detailed description of the filters applied are summarized on github 

(https://github.com/sp00nman/rnaseqlib/blob/master/ doc/fusion_workflow.md). 

Fusion genes that passed the above filters were further filtered manually (sequencing 

reads were inspected with an IGV genome browser) . Filtered fusions were flagged with 

the following tags (mappability, missed_readthrough, non-uniform splitread distribution, 

missed_healthy, max 5 fusions/sample, DGV). (11) Mappability refers to failed primer 
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design due to lack of uniquely mapping primers around the fusion breakpoint. (12) 

Missed_read-through are fusions that through manual inspection with an IGV genome 

browser have a high likelihood of being fusions mediated through splicing rather than 

chromosomal aberrations (short distance; median distance of 50kb, same strand, no gene 

in between). (13) Non-uniform splitread distribution are fusions where the breakpoint of 

the split reads cluster at the beginning or end of the read. (14) Missed healthy are fusions 

that due to false ID mapping were not filtered out in the automatized filtering workflow. 

(15) Max 5 fusions/sample filter was applied only to tophatfusion and only two samples 

(P003B#A, P091A#A) with an unusual high number of fusions detected. (16) DGV flags 

refer to fusions where the fusion partner genes were located on the same chromosome 

and the breakpoints are within 100kb away from CNV breakpoints reported by the 

Database of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/docs/DGV.GoldStandard. 

July2015.hg19.gff3).  

The abundance of fusion transcripts was estimated with SRPKM (seed RPKM), which is 

calculated by extracting the split and spanning reads and normalizing by library size and 

read length. (#seed reads * 103 * 106)/(read_length * #mappable reads) as proposed by 

FusionMap(5). 

Assessing sensitivity of fusion calling workflow 

The sensitivity of the fusion detection workflow was assessed with a total of 20 fusions 

provided by MLL München Laboratory (GmbH, München) and sequenced in-house. The 

raw reads were processed as previously described.  

Cytogenetics and FISH 

Chromosome preparations and banding analysis were performed as previously described 

according to standard methods (6). If required, cases with an aberrant karyotype in 

chromosome banding analysis were additionally investigated by 24-color FISH to 

completely resolve the karyotype (24XCyte Human Multicolor FISH Probe Kit, 

Metasystems; Altlussheim, Germany). For classification of abnormalities and karyotypes, 

the ISCN guidelines (2016) were used (7). Interphase FISH (fluorescence in situ 

hybridization) was performed to determine chromosomal rearrangements of the 

respective genes/loci. The following probes were applied: BCR-ABL1, CBFB-MYH11, 

ETV6, IGH, IGH-BCL2, IGH-CCND1, IGH-FGFR3, IGH-MYC, MECOM, PDGFRB, 

PML-RARA, RUNX1-RUNX1T1 (all purchased from Metasystems; Altlussheim, 

http://dgv.tcag.ca/dgv/docs/DGV.GoldStandard
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Germany), CRLF2 (Cytocell, Cambridge, UK), FIP1L1-CHIC2-PDGFRA (Kreatech; 

Amsterdam, Netherlands), KMT2A (Abbott; Wiesbaden, Germany).  

Sanger sequencing validation of fusion genes 

The High-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) 

was used for RT-PCR according to the manufacturer’s protocol. Primer sequences 

flanking the fusion breakpoints are listed in Supplemental Table 4. The PCR products 

were Sanger sequenced using the BigDye Terminator version 3.1 cycle-sequencing kit 

(Life Technologies) and analyzed on a 3130xl Genomic Analyzer (Applied Biosystems, 

Foster City, CA). Sequences were analyzed with CLC Genomics Workbench (Qiagen, 

release 4.9) to define the exact fusion junction site and the frame of the novel fusion 

transcript. Validated fusion candidates were screened in up to 10 healthy individuals and 

excluded if these occurred in any of those 10 controls. 

Mapping genomic breakpoints of the fusion junctions 

The genomic breakpoint for validated fusions were identified by PCR using primer pair 

combinations derived from the introns flanking the putative fusion junction. The products 

of positive PCR reactions were Sanger sequenced to determine the fusion breakpoint at 

the genomic level. 

Variant calling on RNA sequencing data 

Raw reads were aligned with Spliced Transcripts Alignment to a Reference (STAR) 

(release 2.4.2a) (8) using the following options [-outFilterIntronMotifs 

RemoveNoncanonical; -outSAMtypeBAM SortedbyCoordinate] followed by STAR-2-

pass method as described here (8). Human reference sequence b37 was used to align the 

short reads. Duplicate reads were removed with Picard (MarkDuplicates; version 1.118; 

https://github.com/broadinstitute/picard). GATK tool SplitNCigarReads was used to 

hard-clip sequences overhanging into the intronic regions. Indel realignment and base 

quality recalibration was performed as recommended for variant calling on DNA level. 

GATK HaplotypeCaller was used for calling variant with RNA specific options [-

dontUseSoftClippedBases; -recoverDanglingHeads; -stand_call_conf 20.0]. Hard cutoff 

filters were set with GATK VariantFiltration tool to reduce false positive calls. These 

filters included (a) removal of occurrence of at least 3 SNVs that are within a window of 

35 bases (SnpCluster), (b) removal of variants with a fisher strand value of more than 30 

and (c) a quality by depth of less than 2, based on GATK best practice workflow for RNA 

variant calling (9). Additionally, (d) variants that fall within or are 1bp away from a 
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homopolymer stretch of at least 5 nucleotides were removed as well as (e) SNVs that 

were located within 5 bases away from an Indel. Remaining variants were annotated with 

ANNOVAR (release 2015-06-17) (10). 

Variant filtering criteria 

Variant calling using RNA sequencing bears a number of challenges. (a) Using RNA as 

the underlying source for variant calling means that any gene that is not expressed cannot 

be called (b) GATK’s Haplotype Caller uses algorithms to calculate variant likelihoods 

that have difficulties dealing with extreme frequencies, therefore capturing variants in 

small sub-clones (<0.1 variant allele frequency) without prior knowledge of the mutation 

is not feasible. (c) The absence of matching germline samples renders difficult a precise 

distinction between somatic and germline mutations. We therefore established a set of 

stringent filtering criteria with the aim to enrich for somatic variants: (a) We excluded 

variants annotated as ‘common’ in the Single Nucleotide Polymorphism Database dbSNP 

(version 142), (b) variants that were annotated with a minor allele frequency (MAF) of 

more than 0.01 by the 1000 Genomes Project (version 2015-02) in one of the following 

populations (EUR, AMR, EAS, SAS, AFR), (c) variants with a MAF>0.01 found in 

NHLBI Exome Sequencing Project (ESP) (version esp5400_all & esp6500siv2_all) (d) 

we further filtered for lowly expressed variants and required a variant to have an alternate 

read count of at least 3 unless a COSMIC (version 84) entry was found for that variant, 

(e) variants were excluded which appeared in 1/15 healthy controls (in-house data) but a 

minimum variant allele frequency of 0.4 was required, (f) variants that were annotated as 

synonymous SNVs were disregarded and finally, (g) we extracted all exonic variants of 

87 genes (Supplemental Table 7), of these 54 were part of the TruSight Myeloid 

Sequencing Panel (Illumina, San Diego, CA), the remaining were genes with prior 

implications in myeloid-proliferative disorders as well as candidate genes from 

overlapping regions of common aberrations (UPD, deletion, gain) (1,11).  

Gene mutation maps for frequently mutated genes 

Gene mutation maps were drawn using lollipops (release 2015) (Figure 3B, 

Supplemental Figure 7). Protein domains were extracted from the Pfam database. 

Mutation data from different cancers were downloaded from the COSMIC database (12). 
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Targeted re-sequencing of patients’ genomic DNA 

Samples were processed using the TruSight Myeloid Sequencing Panel which allowed 

for quantitative evaluation of mutations in 54 genes implicated in myeloid diseases 

(Supplemental Table 7). In addition, we generated and sequenced a single amplicon 

covering two SF3B1 hotspot mutation sites (K666 and K700). PCR was performed using 

Herculase Fusion Polymerase (Agilent, Santa Clara, CA) applying standard conditions as 

recommended by the manufacturer at 55° annealing temperature, using primer pools 

(Supplemental Methods Table 1). 

Supplemental Methods Table 1. Primer pool sequence. 

Primer name Primer sequence 

SF3B1_K666_K700_F0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GAGTTGCTGCTTCAGCCAAG   

SF3B1_K666_K700_F1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNGAGTTGCTGCTTCAGCCAAG   

SF3B1_K666_K700_F2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNGAGTTGCTGCTTCAGCCAAG   

SF3B1_K666_K700_F3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGAGTTGCTGCTTCAGCCAAG   

SF3B1_K666_K700_R0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(staggers)GCAAAAGCAAGAAGTCCTGG   

SF3B1_K666_K700_R1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNGCAAAAGCAAGAAGTCCTGG   

SF3B1_K666_K700_R2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNGCAAAAGCAAGAAGTCCTGG   

SF3B1_K666_K700_R3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNGCAAAAGCAAGAAGTCCTGG   

Primers included staggers required for amplicon diversity and resulting amplicons 

comprised primer binding sites required for sample indexing using the Nextera XT Index 

Kit v2 (Sets A-D, 384 indexes; Illumina San Diego, CA). Primers were pooled equimolar 

and used at standard concentrations.  

DNA isolated from granulocytes or peripheral blood mononuclear cells (PBMCs) was 

processed according to the manufacturer’s instructions to generate indexed amplicon-

based libraries. Equimolar amounts of libraries were pooled into multiplexes (96-plexes 

for TruSight, 384-plexes for the single-amplicon approach) which were then sequenced 

150bp paired-end on an Illumina HiSeq3000 or MiSeq instruments for the TruSight 

Myeloid Panel and the single-amplicon approach, respectively. Read alignment and 

variant calling was performed using the BaseSpace software (Illumina, San Diego, CA). 

Variants called in transcribed regions or at splice sites were selected and further filtered 

for common variation as described in section Variant calling on RNA sequencing data. 
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Other filters were adjusted for TruSight targeted sequencing and included insufficient 

sequencing read depth (<200) and low variant allele frequency (VAF <0.05). 

Reporting on RNA & DNA concordance 

To estimate the quality of detecting somatic SNVs from transcriptome sequencing data 

we compared genomic targeted sequencing data from a myeloid gene panel of 54 genes 

(Supplemental Table 6) for 77 patients (Supplemental Table 9) of our RNA sequenced 

cohort. For RNA, we only considered variants that were located within exons part of the 

myeloid gene panel. For DNA, we compared variants with a variant allele frequency >= 

0.16 which is the lowest observed RNA variant allele frequency after filtering 

(Supplemental Table 10).  

Estimating expression values on a gene level and differential expression analysis 

Sequencing reads were trimmed for quality and adapter sequence content with 

Trimmomatic in single-end (ILLUMINACLIP: TruSeq3-SE.fa:2:30:10:1:true, 

SLIDINGWINDOW:4:15, MINLEN:20) or paired-end (ILLUMINACLIP: TruSeq3-PE-

2.fa:2:30:10:1:true, SLIDINGWINDOW:4:15, MINLEN:20) mode. The resulting reads 

were aligned with the STAR aligner (https://www.ncbi.nlm.nih.gov/ pubmed/23104886) 

to the UCSC hg38 reference genome resembling the Genome Reference Consortium 

GRCh38 assembly, with the basic Ensembl transcript annotation set from version 87 

(December, 2016). Reads overlapping transcript features were counted with the 

summarizeOverlaps function of Bioconductor library GenomicAlignments, taking into 

account that the Illumina TruSeq stranded mRNA protocol leads to sequencing of the 

second strand so that all reads need inverting before counting. The Bioconductor package 

DESeq2 was then used to model the data set and call differentially expressed genes. The 

design matrix included modelling both, batch and gender as additive effects: ~ batch + 

sf3b1 + sex 

Definition of novel 3’ splice junctions 

Novel splice junctions were defined as (a) not present in GENCODE (version 14), (b) 

having at least 20 reads covering that particular splice junction over all samples, (c) 

sharing a known 5’ or 3’ splice site annotated in GENCODE and finally, (d) followed the 

canonical splice acceptor/donor motifs: GU/AG, CU/AC, GC/AG, CU/GC, AU/AC, 

GU/AU. . Differential splice site usage was tested with the testForDEU function of the 

DEXSeq Bioconductor package (version 1.14.2, R version 3.2.3 2015-12-10). 
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Fragment length analysis using capillary electrophoresis 

Aberrant 3’ splice sites were amplified by RT-PCR using 5’FAM labelled forward 

primers in combination with reverse primers (Supplemental Table 16). PCR products 

were diluted 1:20 in HPLC-grade water (Sigma-Aldrich) and sent to Microsynth 

(Microsynth AG Switzerland) for Fragment Length Analysis. Peak calling was performed 

with GeneMapper 4.0 software (Applied Biosystems). PSI scores were calculated using 

the fractions of peak height for canonical and alternate 3’ splice sites as previously 

explained.   

Filtering of NetMHCpan results 

We filtered NetMHCpan results based on the following criteria: (a) We selected 

peptide:MHC-binding based on percentile rank score (%Rank) predictions (%Rank 

scores reflect the relative affinity of a peptide compared to a pool of random peptide 

sequences), which were <2 for weak and %Rank<0.5 for strong binders (author’s 

recommendation), (b) non-synonymous SNVs with a wildtype sequence %Rank <2 were 

excluded, (c) an FPKM of >0 for variants and a SRPKM >0 for fusions was necessary for 

further evaluation, (d) comparison of predicted peptide to human protein sequences, (e) 

for splice factor mutations we selected all aberrant 3’ splice sites 10-30 nucleotides away 

from its canonical splice site (previous publication have identified AG nucleotides used 

as aberrant splice sites to be positioned about 13-17 base pairs downstream of the branch 

point, but more than 10 base pairs  upstream of the canonical splice in order to avoid 

competition for splice sites (13,14)), (f) selected splice sites with a minimum median PSI 

of 50% in mutant SF3B1 PMF patients and less than 20% median PSI in SF3B1 wildtype 

patients. 

HLA-typing & validation 

HLA alleles from the patient cohort were extracted in 4-digit resolution using 

seq2HLA(15) (release 2.2) using RNA-seq data as input (P value threshold of 0.01) 

(Supplemental Table 18) . To validate the RNA based HLA-A, HLA-B, HLA-C allele 

calls additional genotyping by standard DNA based assays of 8 SF3B1 mutated patients 

was performed at the Department for Blood Group Serology and Transfusion Medicine 

of the Medical University of Vienna (1090 Vienna, Austria). We could validate 49/50 

alleles on a 2-digit resolution and 47/50 on a 4-digit resolution.  
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Generate FASTA files with peptide sequences for each mutation class 

For SNVs we built amino acid FASTA sequences using 9 amino acids flanking each side 

of the mutated variant. Similar FASTA sequences were generated for the wildtype 

sequence allele. For Indels, we only considered mutations that cause shifts in the reading 

frame. Novel reading frames were translated until the first stop codon was encountered. 

The entire stretch of novel amino acid sequences was written to FASTA files. For fusions 

with the potential formation of novel fusion proteins, we extracted 9 amino acids flanking 

the fusion breakpoint. Finally, aberrant 3’ splicing events which caused frameshifts, were 

treated as previously described. For in frame splicing, we built FASTA sequences using 9 

amino acids flanking the novel peptide stretch. We used biomaRt (R Bioconductor, 

version 2.34.0) as a resource for annotation, sequence extraction and translation as well 

as custom R scripts for converting the variants into FASTA sequences. 
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Supplemental Figure Legends 

Supplemental Figure 1. Bioinformatics analysis workflow. We established data 

processing and filtering workflows for fusion calling, variant (SNVs & Indels) calling, 

differential splicing analysis, gene expression analysis, HLA typing and neoantigen 

discovery. Validation steps were included for each of the workflows (excluding gene 

expression analysis). 

Supplemental Figure 2. Assessing the sensitivity of the fusion calling workflow. (A) 

The sensitivity of the fusion detection workflow was assessed by applying RNA-

sequencing on 20 different hematological tumors with fusions validated with standard 

karyotype analysis or fluorescence in situ hybridization (FISH). Three representative 

examples of FISH validated fusions are shown. (B) In 15/20 patient samples a candidate 

fusion was identified. Fusions where the driver gene partner contributes only to the 

regulatory sequence of the fusion gene (for example IGH-rearrangements [IGH-X]) were 

missed in 6/20 samples. Exceptions are IGH-CRLF2 rearrangements that were identified 

in 3 samples. Typical acute myeloid leukemia (AML) related fusions like PML-RARA, 

MLL-X, RUNX1-RUNX1T1, CBFB-MYH11 were detected by all fusion detection tools 

(soapfuse, defuse, tophatfusion). Fusion expression is reported as seed reads per kilobase 

per million reads SRPKM (min-max [1.6-57.1] SRPKM). 

Supplemental Figure 3. Fusion filtering for each patient of MPN cohort. MPN 

patients and healthy controls were processed through the same fusion calling workflow 

as samples described in Supplemental Figure 2. Fusions detected with (A) defuse, (B) 

soapfuse, (C) tophatfusion and a score greater than 0.8 (defuse), none (soapfuse), and 0 

(tophatfusion) are plotted. For each sample the total amount of fusions, filtered fusions, 

and the filter tag each fusion received is reported. (D) A total of 138, 204, and 94 fusions 

for defuse, soapfuse, and tophatfusion, respectively, passed all applied filters and were 

subject to (E) manual inspection. (E) 37, 20, and 46 fusions were considered for 

validation of which (F) 20, 3, and 22 fusions were experimentally verified by RT-PCR 

followed by Sanger sequencing. These verified fusions were screened for appearance in 

cDNA in up to 10 healthy individuals. (G) Finally, a total of 5, and 3, and 11 fusions for 

defuse, soapfuse, and tophatfusion were considered high confidence fusions. (H) The 

small overlap of fusions detected by different detection tools is a known limitation among 

RNA-seq specific fusion detection software 4–6 and was also observed in our dataset with 
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only 1 fusion shared among all tools and 5 fusions among 2 tools. The union of all fusion 

detection tools resulted in a total of 13 unique fusions. 

Supplemental Figure 4. Sanger validation of fusions. The exact breakpoint region was 

verified on cDNA level with Sanger sequencing. For fusion (A) BCR-ABL1, (B) XPO5-

RUNX2, and (C) KDM4B-CYHR1 the cDNA breakpoint is located at exon boundaries 

suggesting the location of genomic breakpoint to be intronic. (D) FRY-MYCBP2, (E) 

CUX1-intragenic, (F) AHCTF1-SMYD3 (H) INO80D-GPR1 are examples of fusions with 

a 5’ cDNA breakpoint location within an exon boundary and a 3’ cDNA breakpoint either 

intronic, genomic or located within an exon. Splice acceptor and donor sites (marked in 

red rectangles) are present. In fusion (G) NOX5-PNISR both cDNA breakpoints are 

located within introns. Reciprocal transcript was confirmed with Sanger sequencing. 

Fusions (J) B2M-SELL, (K) CSF3R-ZFP36, (L) SAT1-MNDA, (M) S100A8-PLEK, (N) 

S100A9-CTSD have repetitive regions of 5-7 nucleotides overlapping the cDNA 

breakpoint located within exons, UTR regions, or intronic regions. Splice acceptor and 

donor sites are absent. 

Supplemental Figure 5. Analysis of co-occurring fusions and variants with MPN 

driver mutations. (A) Circos plot summarizing aberrations detected with SNP 6.0 arrays 

(outer circle) overlaid with location of cDNA fusion breakpoints. Aberrations are colored 

by aberration type. Fusions are colored by diagnosis (inner circle). (B) Number of fusions 

for each rearrangement type. (C) Fusion expression is reported as seed reads per kilobase 

per million reads SRPKM (min-max [1.6-57.1] SRPKM), which is calculated by 

extracting the split and spanning reads and normalized by library size and read length. 

(D) Wildtype gene expression of upstream and downstream gene of fusion in 

log2(FPKM). Rearrangement types are indicated in symbols. 

Supplemental Figure 6. Sensitivity of RNA variant calling workflow. Cumulative 

distribution of variant allele frequency from 77 patients for variants (SNV & Indels) 

called on (A) DNA, (B) RNA level and colored by mutation type. (C) Correlation of 

JAK2-V617F burden measured on RNA level versus allele specific PCR. (D) Percentage 

concordance for DNA and RNA for SNVs as a function of RNA coverage with varying 

thresholds for variant allele frequency. 

Supplemental Figure 7. Gene mutation maps for frequently mutated genes in MPN. 

Position of mutations along the gene are shown. Protein domains & regions were 
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extracted from Pfam and are marked in grey. Detected mutations were overlaid with 

frequency mutation data from COSMIC database. 

Supplemental Figure 8. Hierarchical clustering of differentially expressed splice 

junctions. Hierarchical clustering of 271 differentially expressed splice junctions of 87 

MPN patients. 

Supplemental Figure 9. Comparison of 3’ splice site usage among 7 diseases. (A) 

Heatmap of Percent splice in (PSI) values ranked by PSI of 271 differentially expressed 

novel 3’ splice sites (Supplemental Table 14). (B) Comparison of PSI values for top the 

20 genes with highest PSI value. (C) Overlap of differentially spliced 3’ junctions 

between combinations of sets for 7 diseases. Plot was drawn with R package UpsetR 

(version 1.3.3). (D) Description of publications and diseases used for comparison. 

Numbers indicate the number of patients and or samples used for differential junction 

expression for each disease. 

Supplemental Figure 10. Number of predicted neoantigens for each patient in MPN 

cohort. Neoantigens are colored by MHCI molecule they are predicted to bind to (upper 

panel), peptide length (middle panel), and mutation type (lower panel). 
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Supplemental Table Legends 

Supplemental Table 1. Patient and clinical data. 

Supplemental Table 2. Sample processing and sequencing information. 

Supplemental Table 3. FISH validated fusions and reported fusions using in-house 

fusion detection workflow. (related to Supplemental Figure 2) 

Supplemental Table 4. Fusions detected with defuse, soapfuse & tophatfusion. 

Remaining fusions after applying filter 1-10 (Supplemental methods). Fusions were 

further manually filtered (filter 11-16) (column “filter.manual”). Fusions that passed the 

manual filter were validated with Sanger sequencing using primers listed in column 

“forward.primer” & “reverse.primer” (related to Figure 2A, Supplemental Figure 5B, 

5C). 

Supplemental Table 5. Chromosomal aberrations detected with SNP 6.0 arrays for 

each patient. (related to Supplemental Figure 5B) 

Supplemental Table 6. Wildtype gene expression values (FPKM) for upstream and 

downstream gene of fusion for each patient sample. (related to Supplemental Figure 

5D) 

Supplemental Table 7. List of 87 genes used for RNA variant calling. Column 

“trusight.selection” indicates whether the gene is part of the TruSight Myeloid targeted 

re-sequencing panel (Illumina). 

Supplemental Table 8. List of variants (SNVs & Indels) called on RNA level. (related 

to Supplemental Figure 5A) 

Supplemental Table 9. List of patients and diagnosis used for comparison of RNA 

and DNA variants. (related to Supplemental Figure 6) 

Supplemental Table 10. List of variants with concordant calls from RNA and DNA 

variant calling. Column “validation” indicates whether the variant was a concordant call, 

only called on RNA or only called on DNA level. (related to Supplemental Figure 6) 

Supplemental Table 11. Mutation frequency in total number or as percentage for 

each disease entity. Distinctions were made whether the variant was reported as 

“somatic” in COSMIC database. Gene frequencies were compared to reported gene 

frequencies in Nangalia et al., 2013 (Nangalia et al., 2013) (related to Figure 2B). 
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Supplemental Table 12. Wildtype gene expression values (FPKM) for each sample 

in the cohort for 35 frequently mutated genes in MPN. (related to Figure 2B) 

Supplemental Table 13. 850 differentially spliced junctions between SF3B1 mutated 

and wildtype patients. Only junctions with P-value<0.1 and log2(FC)>0 were included. 

Supplemental Table 14. 271 differentially spliced junctions between SF3B1-mutated 

and wildtype patients with aberrant 3’ splicing. Only aberrant 3’splicing 10-30 

nucleotides from canonical splice site were included (related to Figure 3C, 3D, 3E) 

Supplemental Table 15. Comparison of differentially spliced junctions across 7 

diseases merged from 4 publication. Publications are indicated in the column 

“publication” (related to Supplemental Figure 9). 

Supplemental Table 16. 43 novel 3’ splice junctions with a median PSI > 20% for 

mutated SF3B1 patients. (related to Figure 4B, 4F) 

Supplemental Table 17. 828 differentially expressed genes of SF3B1 mutated versus 

non-mutated PMF patients & controls. (related to Figure 4F) 

Supplemental Table 18. HLA genotypes extracted from RNA with seq2HLA for each 

patient. 

Supplemental Table 19. HLA allele count and frequency for MPN cohort. Table is 

sorted by HLA-A, HLA-B and HLA-C allele and then by frequency. (related to Figure 5) 

Supplemental Table 20. NetMHCpan peptide:MHCI binding predictions for 

variants. Predictions for variants called on RNA level for the four most common alleles 

within the RNA cohort. Results are shown for each sample (related to Figure 5A). 

Supplemental Table 21. NetMHCpan peptide:MHCI binding predictions for MPL. 

(related to Figure 5B) 

Supplemental Table 22. NetMHCpan peptide:MHCI binding predictions for 

aberrantly spliced genes (in SF3B1 mutated patients). (related to Figure 5C) 

Supplemental Table 23. Number of predicted neoantigens for each patient. Weak 

and strong binders are indicated in separate columns (related to Figure 5D). 

Supplemental Table 24. Comparison of experimental (peptide exchange assay) 

versus predicted binding (NetMHCpan). (related to Figure 5F)  
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3.3 Clinical relevance of canonical SF3B1 mutations in MPN 

To further assess the frequency of SF3B1 mutated patients in an independent cohort, we 

genotyped additional 482 MPN patients (161 ET, 208 PV, 113 PMF) using a targeted 

resequencing approach. SF3B1 hotspot mutations (K666 & K700) were found in 10 PMF 

and 2 PV patients (12/482 (all MPN) = 2.5%, 10/113 (PMF only) = 8.9%. Overall 

occurrence for PMF was 18/168=10.7% (both cohorts combined) (Table 3). 

Table 3: SF3B1 mutated patients in MPN cohort. Data was pooled from several 

sequencing experiments indicated in column ‘Detection method’. TruSight and 

SF3B1_targ_seq are targeted sequencing approaches performed on DNA, RNA-seq 

summarizes all SF3B1 mutated patients from the RNA sequenced cohort. Column ‘VAF-

DNA’ and ‘VAF-RNA’ is the mutant allele frequency extracted from DNA or RNA, 

respectively. Samples P009A, P040B, P055C, P058A, and P069A were sequenced on 

RNA and DNA level. Abbr.: Progression assoc. – Progression association, adv. PMF – 

advanced PMF, Ref – Reference allele, Alt – Alternate allele, aa_change – amino acid 

change, UPN – Unique patient identifier 

 

Out of 18 PMF patients, 4 had progressed to advanced forms of the disease (accelerated 

phase), 1 patient had progressed from a previous PV, and 1 patient had transformed to 

AML. We hypothesized whether SF3B1 hotspot mutations could be associated with 

disease progression in MPN. The following analyses were performed to support this 

observation. First, we wanted to test whether SF3B1 mutated and post-MPN sAML 

patients cluster closely and distinctly from wildtype patients. We performed unsupervised 

principal component analysis of the top 500 most variable splice sites for our entire cohort 

of 113 chronic and post-MPN sAML patients and observed optimal disease separation in 

UPN Diagnosis aa_change VAF_DNA VAF_RNA Position Ref Alt Detection method
Progression 

assoc.

001PMF PMF K666N 49% 2:198267359 C G TruSight adv. PMF

002PMF PMF K666N 47% 2:198267359 C A TruSight adv. PMF

003PMF PMF K666N 17% 2:198267359 C G TruSight

004PMF PMF K666N 21% 2:198267359 C G TruSight

005PMF PMF K666N 37% 2:198267359 C G TruSight

006PMF PMF K666N 47% 2:198267359 C G TruSight

007PMF PMF K700E 42% 2:198266834 T C TruSight

008PMF PMF K700E 52% 2:198266834 T C SF3B1_targ_seq

009PMF PMF K700E 3% 2:198266834 T C SF3B1_targ_seq post-PV MF

010PMF PMF K700E 31% 2:198266834 T C SF3B1_targ_seq

P009A PMF K666N 49% 48% 2:198267359 C G RNA-seq adv. PMF

P034A PMF K700E 43% 2:198266834 T C RNA-seq

P040B PMF K666N 42% 55% 2:198267359 C A RNA-seq

P048A PMF K666T 40% 2:198267360 T G RNA-seq adv. PMF

P055C PMF K700E 21% 44% 2:198266834 T C RNA-seq

P058A PMF K700E 47% 46% 2:198266834 T C RNA-seq

P064A PMF K666R 26% 2:198267360 T C RNA-seq

P069A PMF K700E 32% 46% 2:198266834 T C RNA-seq AML

001PV PV K666N 49% 2:198267359 C A SF3B1_targ_seq

002PV PV K666N 18% 2:198267359 C A SF3B1_targ_seq
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PC1 and PC3 explaining 26.7% and 7.0% of total variance, respectively (Figure 17 & 

18). 

 

Figure 17: Principal component analysis of MPN patients. PCA analysis was 

performed on read counts of known and novel splice sites of 104 chronic MPN and 9 

sAML patients. Only the 500 most variable splice sites were considered. Patients were 

colored by batch and symbols group patients by diagnosis. 

We found overlaps of different disease entities (PV, ET, and PMF) of the chronic MPN 

patients whereas post-MPN sAML patients cluster distinctly from the rest of the chronic 

MPNs. SF3B1 mutated patients reserved interesting positions within this biological 

continuum. Patients with SF3B1-K700E mutations showed splicing patterns which 

clustered them closer to secondary AML patients. Indeed, progression to post-MPN 

sAML was observed in patient P069 with a K700E mutation (Figure 18). 
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Figure 18: Principal component (PC) 1 and 3 shows distinct clustering of SF3B1-

K700E mutated and secondary AML patients. PCA analysis was performed on read 

counts of known and novel splice sites of 104 chronic MPN and 9 sAML patients. Only 

the 500 most variable splice sites were considered. Patient samples were colored by 

diagnosis. SF3B1 mutated patients are marked with circles. Red and green color shading 

label K700 and K666 mutations. 

Second, if SF3B1 hotspot mutations are associated with disease progression, we would 

expect worse overall outcome for these patients. Survival analysis including 18 SF3B1 

mutated and 47 SF3B1 wildtype PMF patients showed a trend towards decreased overall 

survival (OS) (P-value=0.18) (Figure 19A). Although, part of this trend appears to be 

mediated through CALR mutated patients which exhibit a significant better OS compared 

to JAK2 mutated patients (P-value=0.014) in our cohort (Figure 19B), we focused our 

survival analysis on JAK2 (SF3B1 co-mutated an unmutated) patients only, and could 

confirm -even with a low patient number (n=31)- a similar trend (P-value=0.25) (Figure 

19C). 
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Figure 19: Kaplan-Meier survival analysis for SF3B1 mutated PMF patients.  

Survival analysis was performed with R package survival and visualized with R package 

survminer. A log-rank or Mantel-Cox test was used to estimate P-values. P-values <0.05 

were considered significant (A) Survival analysis of PMF patients only. PMF patients 

forming part of the transcriptome sequencing study and targeted sequencing study were 

pooled for this analysis (Table 3). (B) Survival analysis of PMF patients (only SF3B1 

unmutated) stratified by mutations in CALR (del52 or ins5) or JAK2-V617F (C) Survival 

analysis of PMF patients (only JAK2-V617F mutated) stratified by SF3B1 co-mutation 

with JAK2-V617F. 
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4 DISCUSSION 

To the best of our knowledge, this is the largest MPN centered effort to describe the 

mutational landscape of the transcriptome. This was accomplished through the versatile 

ways of processing and analyzing RNA-seq data. A similar study in size, analyzed the 

granulocyte transcriptional profile of 97 MPN patients (Rampal et al., 2014). However, 

this study used microarrays for gene expression profiling to derive signatures of activated 

pathways of JAK2, CALR, and TET2 mutated patients. Although microarray technology 

is a suitable method for analyzing gene expression data and altered pathways, RNA-seq 

technology is superior in resolution and sensitivity. Additionally, an incredibly diverse 

set of workflows can be applied to RNA-seq data, making it feasible to answer distinct 

questions with a single dataset. The following paragraphs critically discuss the merits and 

caveats of these workflows and the biological insights we gained for the benefit of MPN 

patients. 

Analysis of granulocyte clonality using RNA-seq provides putative novel biomarkers for 

granulocyte clonality for female MPN patients 

We have implemented an approach to estimate clonality in granulocyte cells of MPN 

patients using RNA-seq. Szelinger et al. applied a similar workflow for the analysis of X-

linked genetic conditions (Szelinger et al., 2014). However, they used a combined whole-

exome and RNA-seq approach to estimate XCI ratios, which was not available for our 

cohort. Here we present a workflow that relies solely on RNA-seq data and report its first 

application on patients with hematological cancers. The strength of this method is the 

combined chromosome-wide usage of heterozygous variants (global approach) on the X 

chromosome instead of relying on single gene locus or combination of genes as clonality 

markers (local approach).  

Reproducibility and robustness of the method was tested comparing XCI ratios of four 

technical replicates. A larger number of technical replicates is necessary to draw 

conclusive results, but a preliminary comparison of these samples showed high 

concordance between technical replicates. We did not benchmark our method of XCI 

ratio estimation with routine clinical assays such as DNA methylation-based assays as 
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HUMARA, which targets CAG short tandem repeats in the human androgen receptor 

(AR) gene (Allen et al., 1992). Although, it would be interesting to compare these two 

methods from a technical point of view, the results should be interpreted with caution. 

There is a considerable debate whether DNA methylation can reliably reflect the ratio of 

expression between the active and inactive X chromosome compared to quantitative allele 

expression methods (Busque et al., 2009; Swierczek et al., 2012).  

Using this workflow, we compared single gene locus approaches used in transcription-

based clonality assays to our global approach of XCI ratio estimation. We could rank 

genes based on strong or worse correlation (local versus global approach). XIST and 

G6PD, known genes involved in X-inactivation or clonality assays (Chen and Prchal, 

2007), were among the highly ranked genes. However, only 9 and 23 females had 

heterozygous variants (or polymorphic markers) on the XIST and G6PD gene locus, 

respectively. This emphasizes the need for clonality assays inclusive for all females as 

exemplified with our global approach. We have also identified potentially new marker 

genes of clonality for X inactivation assays such as CXorf65, WDR44 and MED12 with 

29, 16 and 29 informative females on these loci, respectively. None of these genes were 

listed as ‘escape gene’ in a study examining escape of X-inactivation of genes across 23 

tissues in humans (Slavney et al., 2015). 

Skewing of X inactivation is frequently seen in healthy females (Amos-Landgraf et al., 

2006). This represents a limiting factor for reliable interpretation of our results. However, 

this is an intrinsic problem shared by all clonality assays and can be controlled for with 

appropriate control tissue such as T cells, which was unfortunately not available for our 

cohort. Extreme skewing of more than 90:10 XCI-ratio is extremely rare in healthy 

females. It was not observed in any of our control females but in 33/58 cases of female 

MPN patients (6/9 PV, 8/20 ET, 19/29 PMF). Skewed lyonization in healthy females has 

been attributed to stochastic skewing due to a small pool of cells in which the inactivation 

initially occurs as well as stem cell depletion or selection forces (Busque et al., 1996; 

Chen and Prchal, 2007; Gale et al., 1997). Aging is also associated with an increase in 

clonal hematopoiesis. A series of publications have identified somatic mutations in genes 

such as TET2, DNMT3A in healthy, elderly individuals with clonal hematopoiesis 

(Jaiswal et al., 2014; Lindberg et al., 2014; Xie et al., 2014). However, using our RNA 

variant calling approach, none of our healthy females had mutations in these genes. 
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We think our approach to distinguish clonal from polyclonal patients could be of interest 

for triple-negative MPN patients where no driver gene has been identified yet. Our 3 

triple-negative ET females had the lowest XCI ratios of all ET patients. Although the true 

nature of a polyclonal hematopoiesis would need to be confirmed with control tissue 

(analysis of T cell clonality) as previously explained, it is very likely that these patients 

have indeed a polyclonal hematopoiesis.  

A study by Milosevic et al. determined the clonality status of 26 triple-negative PMF 

(n=3) and ET (n=23) female patients and available control tissue using HUMARA assays 

(Milosevic Feenstra et al., 2016). Of the 23 ET patients, 3 had a clonal, 9 had a polyclonal 

hematopoiesis, 7 were non-informative, and 4 cases were ambiguous.  

First, the study reports 7 cases of non-informative patients, which represents 30% of 

triple-negative ET patients. This emphasizes the utility of our global approach of XCI 

ratio estimation, which is inclusive for all females. 

Second, this study could show that polyclonal triple-negative MPN cases are common. 

Milosevic et al. hypothesized whether polyclonal triple-negative ET patients are 

essentially misclassified cases of hereditary MPN-like disorders with an unknown 

germline mutation responsible for disease pathogenesis. Hereditary thrombocytosis (HT) 

is a disease with shared clinical features with ET and without a known family history it 

is likely that HT cases could be misclassified as sporadic ET. HT patients have a 

polyclonal hematopoiesis, no disease progression, and a better disease prognosis than ET 

patients (Harutyunyan and Kralovics, 2012). It is therefore of essential importance to 

distinguish these two diseases in order to provide a better prognostic information to the 

patient and avoid unnecessary therapeutic intervention such as cytoreductive therapy. For 

cases with hereditary disorders strategies to identify germline mutations should be 

evaluated. For true triple-negative patients with a clonal hematopoiesis and no other 

somatic mutations, it would be worthwhile to extend whole-exome sequencing 

approaches to whole-genome for mutations in regulatory regions or RNA sequencing for 

fusion discovery to search for potential disease drivers. 

Transcriptome-wide fusion discovery in MPN patients 

We implemented a workflow for discovery and filtering of fusions using RNA-seq in a 

cohort of 104 MPN as well as 9 post-MPN sAML patients. A careful selection of fusion 

detection tools, filtering and sequencing strategy was necessary to ensure high quality 

prediction of fusion candidates. Given the small overlap of fusion detection tools, we 
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combined results from three fusion detection tools (defuse, tophat-fusion, and soapfuse), 

a practice recommended to overcome algorithm-specific biases and increase sensitivity 

(Abate et al., 2014; Liu et al., 2016). The union of all fusion detection tools resulted in a 

total of 13 non-recurrent unique fusion events in 12 MPN patients. We propose the 

following classification for our 13 fusion events:  

Class A fusions BCR-ABL1, XPO5-RUNX1, and KDM4B-CYHR1 were examples of 

fusion transcripts with intact exons where the genomic breakpoint most likely resides in 

intronic regions and the cDNA break point is located at the boundary of the exon. Class 

B fusions FRY-MYCBP2, CUX1-intragenic, AHCTF1-SMYD3 and INO80D-GPR1 had 

an intact exon of the 5’ gene, but the downstream location of the cDNA breakpoint is 

either intronic, genomic or in the middle of an exon. Splice acceptor and donor sites are 

present in all these fusion genes. NOX5-PNISR is a fusion gene where both cDNA 

breakpoints are located within introns. The reciprocal transcript PNISR-NOX5 was also 

detected. Finally, class C fusions B2M-SELL, CSF3R-ZFP36, SAT1-MNDA, S100A8-

PLEK and S100A9-CTSD, were characterized by a stretch of 5-7 repetitive nucleotides 

within the cDNA breakpoint which are located within protein coding exons, UTR regions, 

or in one case, within intronic region. Additionally, no splice acceptor and/or donor sites 

are present. 

Among the 13 fusions found in MPN and sAML patients, BCR-ABL1 is the only known 

fusion. BCR-ABL1 is a known hallmark fusion in chronic myeloid leukemia (CML). 

However, concurrent JAK2-V617F (Bornhäuser et al., 2007; Park et al., 2013) or CALR 

(Cabagnols et al., 2015a; Pagoni et al., 2014) mutations and BCR-ABL1 translocations 

have been reported. In our cohort, the patient with a BCR-ABL1 fusion was initially 

diagnosed with PMF in 2005 and treated with hydroxyurea and thromboreductin. At that 

timepoint (2005) no detectable BCR-ABL1 fusion was found. Two years later the patient 

was tested positive for BCR-ABL1 with a clone size of 25.9%. In 2008 patient blood was 

sampled and analyzed in 2014 using RNA-seq, which confirmed the existence of a BCR-

ABL1 fusion. Since February 2008, the patient has been treated with imatinib and 

thromboreductin. A follow-up in 2014 revealed a complete remission in respect to the 

BCR-ABL1 clone but a persistent JAK2 clone which is indicative for a clonal exchange in 

the patient. The detection of a known BCR-ABL1 fusion in a PMF patient emphasizes the 

utility of RNA-seq based fusion discovery for diagnostic purposes. 
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A PMF patient with a FRY-MYCBP2 fusion also presented with a large deletion on the 

large arm of chromosome 13, which was detected with SNP6.0 arrays. Low resolution of 

SNP6.0 array technology prohibited exact localization of genomic breakpoints, but the 

start and end of the aberration was located close to the FRY and MYCBP2 gene locus. 

Therefore, the 13q deletion in this PMF patient likely leads to truncation of both fusion 

gene partners and formation of a fusion gene detectable on RNA level. The 13q deletion 

is a frequent aberration in MPN patients (Caramazza et al., 2011; Klampfl et al., 2011). 

Whether all 13q deletions lead to formation of FRY-MYCBP2 fusion genes is unclear. 13q 

deletion can vary considerably in length, it is therefore unlikely that FRY or MYCBP2 is 

a repetitive target of the 13q deletion. 

Except for known and in frame BCR-ABL1 oncogenic fusion, 10 fusions detected in 

chronic MPN were novel and out of frame. Although in the past, functional workup of 

candidate fusions has been focused on in frame fusions (Mertens et al., 2015), more recent 

efforts have identified gene truncations due to out of frame fusions as a mechanism to 

effectively inactivate one allele of the two genes at the fusion junction and likely resulting 

in haploinsufficiency of one or both of the rearranged genes (Duro et al., 1996; 

Rodriguez-Perales et al., 2015; Storlazzi et al., 2005). Therefore, we cannot exclude that 

any of the out of frame fusions follow similar mechanisms and are not simply passenger 

mutations.  

Individual genes forming parts of MPN fusions have been previously implicated in 

tumorigenesis. CUX1 is an example of a homeodomain-containing transcription factor 

which was shown to act as a haploinsufficient tumor suppressor. CUX1 mutations have 

shown to provide engraftment advantage in human hematopoietic cells after 

transplantation into immune-deprived mice (McNerney et al., 2013; Wong et al., 2014). 

McNerney et al. reported a case in which CUX1 was disrupted by a translocation fusing 

together exon 1 of CUX1 with exon 2-4 of CLDN7 (McNerney et al., 2013). The CLDN7 

exons are out of frame resulting in a premature stop codon. In our patient the CUX1 fusion 

is mediated through an inversion event, fusing together exon 1 of CUX1 gene with a 

genomic sequence and a stop codon is encountered after 99 nucleotides. In both events 

CUX1 gene is disrupted after the first exon, most probably leading to a loss of function 

of CUX1. Other example of individuals genes with implication in cancer are XPO5 (Melo 

et al., 2010; Shigeyasu et al., 2017), RUNX2 (Li et al., 2016; Onodera et al., 2010), 

MYCBP2 (Ge et al., 2015), SMYD3 (Sarris et al., 2016), CSF3R (Plo et al., 2009), B2M 

(Pereira et al., 2017), and KDM4B (Qiu et al., 2015).  
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We did not observe any fusion events in 4 triple-negative ET patients. As previously 

reported, for 3 females ET patients we showed a likely polyclonal hematopoiesis and 

therefore a hereditary MPN-like disorders is a plausible diagnosis. It is therefore not 

surprising, that we did not find any somatic fusions, that drive the disease in these 

patients. Six fusions were found in PMF, 3 in ET and 2 in PV patients. However, given 

their low overall occurrence it was not possible to assign any statistically significant 

association in fusion frequency with disease subtypes. Two out of 9 post-MPN sAML 

had fusion genes (INO80D-GPR1 and XPO5-RUNX2) not previously described. We did 

not detect de novo AML associated fusion genes in any of our 9 post-MPN sAML 

patients, emphasizing the distinct disease evolution of these two diseases (Milosevic et 

al., 2012). 

We validated all fusions and mapped the cDNA breakpoint with sanger-sequencing on 

RNA level. Mapping the genomic breakpoint on DNA level using a primer combination 

approach was successful for in frame fusion INO80D-GPR1. The other fusions had large 

intronic sequences to span, which could likely be the cause why genomic breakpoint 

mapping failed for these fusions. We cannot exclude that some fusions with no genomic 

or additional supporting evidence could in fact represent trans-splicing events. Trans-

splicing joins together exons from different genes, even if they are located on different 

chromosomes and generate a chimeric RNA without the existence of chromosomal 

aberrations (Akiva et al., 2006; Lei et al., 2016). These chimeric transcripts can be 

translated to proteins and can drive tumor development as has been shown for JAZF1- 

JJAZ1, a transcription mediated fusion located on different chromosomes (Li et al., 2008). 

In general, trans-splicing events are usually expressed at low levels compared to the 

native gene transcripts. We have shown that most of our fusion events found in MPN are 

indeed expressed at low level and would support the theory of trans-splicing event. 

However, this needs to be evaluated carefully, considering that except for BCR-ABL1 and 

INO80D-GPR1, all reported fusions were out of frame and are therefore likely to be 

degraded if nonsense-mediated decay (NMD) rules apply. Therefore, a high expression 

of these transcripts is not expected.  

We hypothesize that the formation of such a chimeric transcript on RNA level requires a 

proximity between both RNA molecules and consequently the involved genes of the 

fusion are likely to be situated in close vicinity within the 3-dimensional genome. It would 

be interesting to test this hypothesis using genome-wide chromosome conformation 
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capture (Hi-C) to identify if genes forming trans-splicing events are more likely to be 

close to each other compared to any two genes of the genome. 

RNA-seq based variant calling and identification of high frequency mutations of SF3B1 

in PMF patients 

We implemented a workflow for SNV and Indel calling on RNA level using the STAR 

aligner (Engström et al., 2013) and GATK’s best practice workflow for RNA variant 

calling. At the time of workflow development, there was no RNA-specific algorithm for 

somatic variant calling such a MuTect for DNA (Cibulskis et al., 2013). We therefore 

relied on GATK’s Haplotype Caller optimized for DNA variant calling and diploid 

genomes. As a result, capturing low frequency mutations (<0.1 mutant allele frequency), 

was not feasible without prior knowledge of the mutation. The recent release of RNA-

MuTect would offer the possibility to detect small subclones with low mutation frequency 

and would be an interesting supplement to the study of minimal residual disease in MPN 

(Yizhak et al., 2018). Additionally, for most samples there was no germline tissue 

available. We established a set of filters to compensate for the lack of control tissue. This 

filters included removal of common variants (annotated as common in publicly available 

databases), focusing on deleterious variants and extracting variants from a list of 86 genes 

frequently mutated in myeloid disease and MPN (Klampfl et al., 2013; Lundberg et al., 

2014a; Nangalia et al., 2013).  

Applying variant calling on transcriptome data, enabled us to interrogate the mutation 

status of frequently mutated genes in myeloid diseases. We found a high frequency 

(16.3%) of SF3B1 mutated PMF patients in our RNA cohort. Although, SF3B1 hotspot 

mutations are frequently found in MDS (20%) and CLL (18%) (Darman et al., 2015; 

Papaemmanuil et al., 2011), only few studies reported on SF3B1 mutation frequency in 

MPN. Some reported no occurrence (Yoshida et al., 2011), others frequencies up to 6.5% 

in PMF (Lasho et al., 2012) (Nangalia et al., 2013).  

To rule out the possibility that our initially determined SF3B1 mutation frequency of 

16.3% was due to a sampling bias, we sequenced an additional 113 PMF patients from 

our MPN biobank. We found the overall occurrence of SF3B1 mutations in PMF to be 

10.7%. Although, we could not reach the frequency found in our RNA cohort, a frequency 

of 10.7% strongly argues against SF3B1 being an infrequent mutation in PMF patients. 
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Clinical relevance of SF3B1 mutations in PMF patients 

Our re-sequencing efforts could show, that SF3B1 mutations are not restricted to PMF 

patients. We found SF3B1-K666N in two PV patients. However, the frequency was very 

low (2/225 PV patients) and suggests that SF3B1 hotspot mutations are associated with 

the more progressed form of MPN disease subtypes. Indeed, we observed evidence of 

disease progression in 6/18 (~33%) of SF3B1 mutated patients. Additionally, we could 

show in a principal component analysis of read counts of splice sites, that patients with 

mutation type K700E but not K666 cluster close to sAML patients and distinctly from 

chronic MPN patients. Our clinical data shows progression in both mutation types (K700 

and K666) and does not support the observation seen in the PCA analysis. Confounding 

factors (e.g. batch effects) restrict reliable interpretation of our results. Survival analysis 

showed a trend towards worse survival in SF3B1 mutated patients. Different mutation 

types were pooled to increase statistical power. These results contradict previous survival 

analysis of SF3B1 mutation in PMF patients, showing no influence in survival (Lasho et 

al., 2012). However, this study included less frequent and less described mutations H662 

and N626 in their survival analysis, which could partly explain differing results.  

Additional experiments and a larger patient cohort are required to show if SF3B1 hotspot 

mutations are indeed progression associated. 

SF3B1 hotspot mutations induce aberrant 3’splicing 

Splicing defects caused by SF3B1 mutations have been subject to extensive research 

especially to characterize the abnormal splicing patterns of mutated cells (Alsafadi et al., 

2016; Bueno et al., 2016; Darman et al., 2015; DeBoever et al., 2015; Obeng et al., 2016; 

Pellagatti et al., 2018). Similar to other studies, we have identified cryptic 3’ splicing as 

the most abundant splicing defect. However, the splicing patterns we described for PMF 

in this study are distinct from other cancers (even within other myeloid diseases). 

Therefore, this study is the first to report on MPN-specific splicing abnormalities caused 

by SF3B1 mutants. It is unclear at this point what factors may be responsible for the 

minimal overlap of splicing abnormalities among cancers. Differences either in the cell 

types compared and/or the specific mutagenic landscapes of cancers can be such factors. 

A small number of splicing defects were shared among all cancers or at least found in 6 

of 7. Among the 3’ splice sites with the highest impact on predicted amino acid change, 

the following affected genes had a high overlap with other cancer types: MAP3K7, 

OX1AL, RWDD4, CC2D1, PRPF38A. Interestingly, a recent publication on splicing 
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defects, identified mis-spliced MAP3K7 in SF3B1 as a driver of hyperactive NF-κB 

signaling (Lee et al., 2018).  

Whether mis-spliced MAP3K7 or any other aberrantly spliced genes identified in the 

study might functionally collaborate with the growth promoting effect of JAK2-V617F or 

CALR-mutated cells, requires further investigation. A different study by Kim et al., 2015 

(Kim et al., 2015b) could propose a mechanistic relationship between mutations in 

splicing machinery gene SRSF2 and miss-spliced and deficient EZH2 gene – a key 

hematopoietic regulator. None of our SF3B1 mutated patients showed any splicing 

defects in EZH2 or lower mRNA level. Therefore, it remains to be seen if among SF3B1 

affected genes some might act as tumor suppressors and increase the fitness of the MPN 

disease clone.  

Discovery of putative neoantigens in MPN patients 

We established a workflow for systematic discovery of putative neoantigens in MPN 

patients. This workflow involved translation of mutation into proteins, extracting MHC-

I genotype information for each patient, predicting binding affinities with NetMHCpan 

for all 8, 9 and 10mer peptides for each patient individually, taking into consideration all 

mutations identified and the patient’s personal MHC-I molecules. 

Although the number of Indels and SNV identified per patient is relatively low as 

expected for MPN patients (Nangalia et al., 2013), we could still identify 149 unique 

neoantigens, with an occurrence of 61.9% in MPN patients that could have potential use 

for personalized cancer immunotherapy approaches. Of these 149 unique neoantigens, 64 

were SNV and 85 were derived from frameshift mutations. A total of 27 unique 

neoantigens from 85 frameshift mutations were derived mostly from CALR, followed by 

ASXL1 and TET2. Interestingly, we identified a unique property of the CALR neoantigens 

of binding several common MHC-I molecules. Consequently, 75% of CALR-mutated 

patients have a CALR neoantigen predicted to be presented by their personal MHC-I 

molecules. We also identified 16 unique neoantigens for MPL-W515K/L/A mutations for 

5 of the most common HLA haplotypes. 

In addition, we identified 169 peptides derived from aberrantly spliced genes in SF3B1 

mutated patients with a predicted binding to at least 1 MHC-I molecule. The value and 

pitfalls of using neoantigens from mis-spliced genes in SF3B1 mutated patients are 

described in the discussion of results section 3.2. 
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In summary, we believe that our results may serve as a framework for systematic mining 

of neoantigens from a diverse set of mutation classes using RNA-seq. The discovered 

putative neoantigens may serve as a resource for generation of individualized vaccines or 

adoptive cell-based therapies in MPN. 
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5 MATERIALS AND METHODS 

5.1 Materials and Methods for results section 3.1 

5.1.1 Data processing and filtering 

Patients were selected, sequenced and RNA-seq data was processed and single nucleotide 

variants (SNVs) were called as described in section 3.2 (Material and Methods). SNV 

calls and variant allele frequencies (VAFs) from the X chromosome were extracted from 

patients and healthy controls and annotated with ANNOVAR (release 2015-06-17) 

(Wang et al., 2010). SNVs were filtered as follows (Figure 20):  

 

Figure 20: SNVs calls extracted from the X chromosome for 3 representative females 

and males. The graph on the left shows on the x-axis the chromosomal coordinates of the 

X chromosome (from 0-155kb). Each dot represents an SNVs. Black and grey dots are 

filtered SNVs, red dots remain after all filtering steps were applied. 

SNVs with a quality by depth (QD) less than 1 and less than 10 reads covering the variant 

were removed. Variant calls within segmental duplications (genomicSuperDups; 
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hgdownload.soe.ucsc.edu/goldenPath/hg19/database/genomicSuperDups.txt.gz) larger 

than 1kB and more than 90% similarity were excluded (these included pseudo-autosomal 

regions PAR1 & PAR2 of the X and Y chromosome). Additionally, variants overlapping 

low complexity regions as well as repetitive regions defined by RepeatMasker 

(http://hgdownload.cse. ucsc.edu/goldenPath/hg19/database/rmsk.txt.gz) were excluded 

from further analysis. Only SNVs reported as polymorphisms (SNPs) according to dbSNP 

(version 142) were kept. Genes reported as X chromosome escape genes in 27 tissues 

were removed (Slavney et al., 2015).  

5.1.2 Estimating X chromosome inactivation ratio (XCI ratio) 

The XCI ratio was calculated for each sample separately. For each sample, variant allele 

frequencies (VAF) of heterozygous variants (VAF <0.97) after filtering were considered. 

Phasing information was not available for our samples, we therefore could not distinguish 

whether a variant has a maternal or paternal expression (Figure 21). 

 

Figure 21: Variant allele frequency (VAF) was estimated for each SNV and for each 

patient. (A) For each SNV or SNP (single nucleotide polymorphism), the variant allele 

frequency was extracted. (B) For each sample the extracted SNPs can be plotted as a 

function of variant allele frequency and read depth. For sample P2, 291 SNV were 

extracted and 99 variants remained after filtering. The SNVs show a biomodal 

distribution with variants expressed from the maternal or paternal allele. However, 

phasing information is not known, therefore a distinction between maternal or paternal 

expressed variant is not possible. (C) Variant allele frequencies for each SNV plotted 

along their respective position on the X chromosome. 

In samples where the maternal and paternal variants are equally expressed within a pool 

of cells, variant allele frequencies exhibit a unimodal distribution (assessed using 

Hartigan’s dip test (diptest, R package) and for these samples the XCI ratio was estimated 

as the mean of variant allele frequencies extracted for each sample (Figure 22). A bias in 

the expression of maternal and paternal alleles, may shift the allele expression to a 
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bimodal distribution, for these cases a mixture model was fit using R package bayesmix 

to estimate the parameters of each component of the distribution. The calculated mean for 

each sample is an indirect measurement of the expression status of each inherited 

(maternal or paternal) chromosome. For samples with less than 3 heterozygous variants 

no statistic was calculated, and a complete skew of the sample was assumed. 

Consequently, an XCI ratio of 1 (= 100) was assigned for that sample.  

 

Figure 22: Calculation of X-chromosome inactivation ratio for each sample. 

Hardigan’s dip test (diptest, R) was used to for unimodality for each sample. Depending 

on the outcome, if a sample had a unimodal distribution, the XCI ratio was estimated as 

the mean of the variant allele frequencies (VAFs). For bimodal distributions a mixture 

model was fit to the data to estimate u1 and u2 parameters for each component of the 

distribution. For samples with less than 3 datapoints the XCI ratio was assigned to 1 

(=100). 

Using this method, the XCI ratio can range from 50:50 (random) to 100:0 (complete 

skew). Based on previous observation and publications, the skew of X chromosome 

inactivation is assigned as random from 50:50 – 75:25, a moderate skew is between 75:25 

– 90:10, and an extreme skew is above 90:10 (Szelinger et al., 2014) (Figure 23). 

 

Figure 23: X chromosome inactivation skew. Szelinger et al. proposed based on 

previous observation the following classification: Samples (P1-P3) with an XCI ratio 

between 50:50 to 75:25 are considered to have a random X inactivation, from 75:25 to 

90:10 a moderate skew and everything above 90:10 is considered an extreme skew. 
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5.2 Material and Methods for results section 3.3 

5.2.1 Targeted resequencing 

Samples were processed using the TruSight Myeloid Sequencing Panel which allowed 

for quantitative evaluation of mutations in 54 genes implicated in myeloid diseases. In 

addition, we generated and sequenced a single amplicon covering two SF3B1 hotspot 

mutation sites (K666 and K700). PCR was performed using Herculase Fusion Polymerase 

(Agilent, Santa Clara, CA) applying standard conditions as recommended by the 

manufacturer at 55° annealing temperature, using primer pools (Table 4). 

Table 4: Primer pool sequence. 

 

Primers included staggers required for amplicon diversity and resulting amplicons 

comprised primer binding sites required for sample indexing using the Nextera XT Index 

Kit v2 (Sets A-D, 384 indexes; Illumina San Diego, CA). Primers were pooled equimolar 

and used at standard concentrations.  

DNA isolated from granulocytes or peripheral blood mononuclear cells (PBMCs) was 

processed according to the manufacturer’s instructions to generate indexed amplicon-

based libraries. Equimolar amounts of libraries were pooled into multiplexes (96-plexes 

for TruSight, 384-plexes for the single-amplicon approach) which were then sequenced 

150bp paired-end on an Illumina HiSeq3000 or MiSeq instruments for the TruSight 

Myeloid Panel and the single-amplicon approach, respectively. Read alignment and 

variant calling was performed using the BaseSpace software (Illumina, San Diego, CA). 

Variants called in transcribed regions or at splice sites were selected and further filtered 

for common variation as described in results section 3.2 Variant calling on RNA 

sequencing data. Other filters were adjusted for TruSight targeted sequencing and 

included insufficient sequencing read depth (<200) and low variant allele frequency 

(VAF <0.05). 

Primer name Primer sequence

SF3B1_K666_K700_F0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-GAGTTGCTGCTTCAGCCAAG  

SF3B1_K666_K700_F1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNGAGTTGCTGCTTCAGCCAAG  

SF3B1_K666_K700_F2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNGAGTTGCTGCTTCAGCCAAG  

SF3B1_K666_K700_F3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGAGTTGCTGCTTCAGCCAAG  

SF3B1_K666_K700_R0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(staggers)GCAAAAGCAAGAAGTCCTGG  

SF3B1_K666_K700_R1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNGCAAAAGCAAGAAGTCCTGG  

SF3B1_K666_K700_R2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNGCAAAAGCAAGAAGTCCTGG  

SF3B1_K666_K700_R3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNGCAAAAGCAAGAAGTCCTGG  
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7 ABBREVIATIONS 

ABL1 Abelson murine leukemia viral oncogene homolog 1 

ACOT11 Acyl-CoA Thioesterase 11 

ACT Adoptive T cell therapy 

AHCTF1 AT-Hook Containing Transcription Factor 1 

AML Acute myeloid leukemia 

AR Androgen receptor 

ASCT Allogeneic stem cell transplantation 

ASXL1 Additional sex comb like 1 

B2M Beta-2-Microglobulin 

Ba/F3 A murine pro-B cell line 

BCR Breakpoint cluster region 

BRCA Breast cancer 

C7orf43 Chromosome 7 Open Reading Frame 43 

CALR Calreticulin 

CAR Chimeric antigen receptor 

CBFB Core-Binding Factor Subunit Beta 

CBL Cbl Proto-Oncogene 

CBY1 Chibby Family Member 1, Beta Catenin Antagonist 

CC2D1A Coiled-Coil And C2 Domain Containing 1A 

CD Cluster of differentiation 

CDR Common deleted region 

CEL Chronic esosinophilic leukemia 

CLL Chronic lymphocytic leukemia 

CML Chronic myeloid leukemia 

CMML Chronic myelomonocytic leukemia 

CNL Chronic neutrophilic leukemia 

CPB Checkpoint blockade therapy 

CSF3R Colony Stimulating Factor 3 Receptor 

CTL Cytotoxic T cells 

CTSD Cathepsin D 

CUX1 Cut-like homeobox 1 

CYHR1 Cysteine and Histidine Rich 1 

dbSNP Single Nucleotide Polymorphism Database 

DIPSS Dynamic international prognostic scoring system  

DNMT3A DNA (cytosine-5)-methyltransferase 3 alpha 

DP Depth 

EFEMP2 EGF Containing Fibulin Extracellular Matrix Protein 2 

EPO Erythropoietin 

ET Essential thrombocythemia 
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EZH2 Enhancer of zeste homolog 2 

FDA Food and Drug Administration 

FGFR1 Fibroblast Growth Factor Receptor 1 

FISH Fluorescence In Situ Hybridization 

FLT3LG Fms Related Tyrosine Kinase 3 Ligand 

FOXO3 Forkhead Box O3 

FOXP1 Forkhead Box P1 

FRY FRY Microtubule Binding Protein 

G6PD Glucose-6-phosphate dehydrogenase (G6PD) 

GATK Genome Analysis Toolkit 

GPR1 G Protein-Coupled Receptor 1 

HDAC Histone Deacetylase 

Hi-C Chromosome-wide conformation capture 

HINT2 Histidine Triad Nucleotide Binding Protein 2 

HLA Human Leukocyte Antigen 

HSC Hematopoietic stem cell 

HT Hereditary thrombocytosis 

HUMARA Human androgen receptor gene 

IDH1 Isocitrate dehydrogenase 1 

IDH2 Isocitrate dehydrogenase 2 

Indel Insertion and deletion 

INF-α Interferon-α  

INO80D INO80 Complex Subunit D 

inv Inversion 

JAK1 Janus kinase 1 

JAK2 Janus kinase 2 

JAK3 Janus kinase 3 

KDM4B Lysine Demethylase 4B 

LOLX2 Lysyl oxidase like 2 

mAbs monoclonal Antibodies 

MAP3K7 Mitogen-Activated Protein Kinase Kinase Kinase 7 

MDS Myelodysplastic dyndrome 

MF Myelofibrosis 

MHC Major Histocompatibility Complex 

MLL Lysine Methyltransferase 2A 

MNDA Myeloid Cell Nuclear Differentiation Antigen 

MPM Malignant Pleural Mesothelioma 

MPN Myeloproliferative neoplasms 

MPNu unclassifiable MPN 

MYCBP2 MYC Binding Protein 2, E3 Ubiquitin Protein Ligase 

MYH11 Myosin Heavy Chain 11 

NMD Nonsense mediated decay 

NOX5 NADPH Oxidase 5 

OXA1L OXA1L, Mitochondrial Inner Membrane Protein 

PAR1 & 2 Pseudo-autosomal regions 1 & 2 
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PC Principal component 

PDGFRA Platelet Derived Growth Factor Receptor Alpha 

PDGFRB Platelet Derived Growth Factor Receptor Beta 

PET-PV Post-ET PV 

PICALM Phosphatidylinositol Binding Clathrin Assembly Protein 

PLEK Pleckstrin 

PMF Primary myelofibrosis 

PML Promyelocytic Leukemia 

PNISR PNN Interacting Serine And Arginine Rich Protein 

PPM1M Protein Phosphatase, Mg2+/Mn2+ Dependent 1M 

PPV Post-PV 

PRPF38A Pre-MRNA Processing Factor 38A 

PV Polycythemia vera 

QD Quality by depth 

RARA Retinoic Acid Receptor Alpha 

RBC Red blood cell count 

RNA Ribonucleic acid 

RUNX1 Runt-related transcription factor 1 

RUNX1T1 RUNX1 Translocation Partner 1 

RUNX2 Runt-related transcription factor 2 

RWDD4 RWD Domain Containing 4 

S100A8 S100 Calcium Binding Protein A8 

S100A9 S100 Calcium Binding Protein A9 

sAML secondary AML 

SAT1 Spermidine/Spermine N1-Acetyltransferase 1 

SELL Selectin L 

SF3B1 Splicing factor 3b 

SIRPD Signal Regulatory Protein Delta 

SKCM Skin cancer 

SMYD3 SET And MYND Domain Containing 3 

SNP Single nucleotide polymorphism 

SNV Single nucleotide variant 

SRSF2 Serine/arginine-rich splicing factor 2 

STAT Signal transducer and activator of transcription 

STAT5B Signal Transducer And Activator Of Transcription 5B 

TAA Tumor associated antigens 

TBRG1 Transforming Growth Factor Beta Regulator 1 

TET2 Ten-eleven translocation oncogene family member 2 

TGF-ß Transforming growth factor beta 1 

TMCC2 Transmembrane And Coiled-Coil Domain Family 2 

TP53 Tumor protein p53 

TPO Thrombopoietin 

TTI1 TELO2 Interacting Protein 1 

TYK2 Tyrosine kinase 2 

U2AF1 U2 small nuclear RNA auxiliary factor 1 
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UBL7 Ubiquitin Like 7 

UM Uveal melanoma 

UPD Uniparental disomy 

UTR Untranslated region 

UV Uveal melanoma 

VAF Variant allele frequency 

VWA7 Von Willebrand Factor A Domain Containing 7 

WHO World Health Organization 

XCI X chromosome inactivation 

XIST X-inactive specific transcript 

XPO5 Exportin 5 

ZFP36 ZFP36 Ring Finger Protein 

ZFYVE27 Zinc Finger FYVE-Type Containing 27 

ZNF397 Zinc Finger Protein 397 

ZRSR2 Zinc finger, RNA-binding motif and serine/arginine rich 2 
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C001A CA001 Control wt wt wt 0 0 F 28,4 NA NA NA NA NA NA

C002A CA002 Control wt wt wt 0 0 M NA NA NA NA NA NA NA

C003A CA003 Control wt wt wt 0 0 M NA NA NA NA NA NA NA

C004A CA004 Control wt wt wt 0 0 F 41 NA NA NA NA NA NA

C005A CA005 Control wt wt wt 0 0 F 60 NA NA NA NA NA NA

C006A CA006 Control wt wt wt 0 0 M 44 NA NA NA NA NA NA

C007A CA007 Control wt wt wt 0 0 M NA NA NA NA NA NA NA

C008A CA008 Control wt wt wt 0 0 F 42 NA NA NA NA NA NA

C009A CA010 Control wt wt wt 0 0 M 40 NA NA NA NA NA NA

C010A CA012 Control wt wt wt 0 0 F 27,4 NA NA NA NA NA NA

C011A CA013 Control wt wt wt 0 0 M 49,5 NA NA NA NA NA NA

C012A CA015 Control wt wt wt 0 0 F 38,5 NA NA NA NA NA NA

C013A CA016 Control wt wt wt 0 0 F 25,9 NA NA NA NA NA NA

C014A CA017 Control wt wt wt 0 0 M 23,9 NA NA NA NA NA NA

C015A CA018 Control wt wt wt 0 0 M 26,9 NA NA NA NA NA NA

P004A PA004 ET JAK2-V617F JAK2-V617F wt 30 0 F 59,9 129 11,6 14,3 905 yes no

P005C PC005 ET CALR-ins5 CALR-type2 wt 0 43,8 F 64,9 220 13,2 9,99 643 no no

P008C PC008 ET Triple-neg Triple-neg wt 0 0 F 78 165 14,6 5,8 624 no no

P010A PA010 ET JAK2-V617F JAK2-V617F wt 12 0 F 50,4 273 14,7 7,1 677 yes no

P011D PD011 ET JAK2-V617F JAK2-V617F wt 41 0 F 59,8 386 13,9 8,9 1550 yes no

P014A PA014 ET JAK2-V617F JAK2-V617F wt 42 0 F 66,1 213 15,2 9,7 725 yes no

P016A PA016 ET JAK2-V617F JAK2-V617F wt 82 0 F 84,6 175 14,2 11,3 1050 no yes

P018A PA018 ET JAK2-V617F JAK2-V617F wt 26 0 M 51,5 206 13,4 10 770 yes yes

P022A PA022 ET CALR-ins5 CALR-type2 wt 0 49,6 F 67,9 156 11,7 6,82 839 no no

P023A PA023 ET CALR-del52 CALR-type1 wt 0 40,6 F 67,5 207 13,6 7,12 906 no no

P028B PB028 ET JAK2-V617F JAK2-V617F wt 33 0 M 52,8 159 15,6 11,3 1122 yes no

P030C PC030 ET CALR-ins5 CALR-type2 wt 0 46,9 M 64,4 275 14,6 6,87 1160 no yes

P031A PA031 ET JAK2-V617F JAK2-V617F wt 42 0 M 77,3 65 12,6 7,8 491 yes no

P035C PC035 ET Triple-neg Triple-neg wt 0 0 F 56 278 14 15,65 1320 no no

P036A PA036 ET JAK2-V617F JAK2-V617F wt 52 0 F 80,4 217 13,9 10,5 1117 yes no

P045A PA045 ET CALR-ins5 CALR-type2 wt 0 49,7 M 69,3 323 15,2 12,1 1600 no no

P047A PA032 ET CALR-ins5 CALR-type2 wt 0 43,9 F 72,7 192 14,6 5,35 769 no no

P047B PB047 ET CALR-ins5 CALR-type2 wt 0 43,9 F 72,7 192 14,6 5,35 769 no no

P049A PA049 ET CALR-Type10 CALR-type2 wt 0 47,9 F 53 262 13,6 14,45 829 no no

P050B PB050 ET JAK2-V617F JAK2-V617F wt 43 0 F 73,2 219 14,8 6,69 653 no no

P052A PA052 ET JAK2-V617F JAK2-V617F wt 35 0 M 70,7 185 13,4 8,34 531 yes no

P057A PA057 ET CALR-ins5 CALR-type2 wt 0 50,2 F 67,2 161 14,4 9,4 889 no no

P061A PA061 ET CALR-del52 CALR-type1 wt 0 34,6 M 71,7 135 12,3 9,8 786 yes no

P062A PA062 ET Triple-neg Triple-neg wt 0 0 F 58,1 141 11,4 6,65 580 no no

P066A PA066 ET CALR-del52 CALR-type1 wt 0 54 M 63,6 133 14,2 7,3 838 yes no

P068A PA068 ET CALR-del52 CALR-type1 wt 0 49,5 M 43,8 133 14,6 13,5 1306 yes no

P076B PB075 ET JAK2-V617F JAK2-V617F wt 18 0 F 72,5 121 13,7 7,9 774 no no

P079C PC078 ET JAK2-V617F JAK2-V617F wt 70 0 M 75,2 166 15,8 11,3 436 yes no

P081B PB080 ET JAK2-V617F JAK2-V617F wt 4 0 F 83,8 302 14,5 6,64 624 no no

P083B PB082 ET JAK2-V617F JAK2-V617F wt 48 0 F 79,7 67 13,3 8,98 642 yes yes

P097A PA095 ET Triple-neg Triple-neg wt 0 0 M 53 78 15,6 13,29 668 no no

P101A PA099 ET JAK2-V617F JAK2-V617F wt 36 0 F 42,9 98 17,6 9,96 951 yes no

P103A PA101 ET JAK2-V617F JAK2-V617F wt 40 0 F 44,2 97 12,6 6,4 540 no no

P001B PB001 PMF CALR-ins5 CALR-type2 wt 0 47,7 M 86 384 12,1 4,01 2530 yes no

P003B PB003 PMF CALR-del52 CALR-type1 wt 0 54,3 F 65 149 12,9 7,25 1000 no no

P006C PC006 PMF CALR-del52 CALR-type1 wt 0 67,6 M 62,4 195 14,1 9,5 1249 no no

P009A PA009 PMF JAK2-V617F JAK2-V617F K666N 48 0 F 85,1 111 13,1 14,98 1063 no yes

P013B PB013 PMF CALR-del52 CALR-type1 wt 0 54,3 F 83,2 216 11 6,01 114 no no

P015A PA015 PMF CALR-del52 CALR-type1 wt 0 54,8 F 78,6 43 11,7 8,35 964 no no

P019B PB019 PMF CALR-del52 CALR-type1 wt 0 59,1 M 85,8 189 10,6 7,7 568 no yes

P020A PA020 PMF CALR-ins5 CALR-type2 wt 0 45,8 F 62,3 187 12,2 8,9 1182 no no

P021A PA021 PMF CALR-ins5 CALR-type2 wt 0 50,5 F 60,2 230 13,3 13,1 1161 no yes

P026A PA026 PMF JAK2-V617F JAK2-V617F wt 51 0 F 72,7 141 13,6 9,38 809 yes no

P027A PA027 PMF CALR-del52 CALR-type1 wt 0 49,8 F 81,9 147 11,2 11,41 1226 no yes

P029A PA029 PMF CALR-del52 CALR-type1 wt 0 51,2 M 66,7 248 10,2 5,3 274 no no

P032A PA032 PMF CALR-ins5 CALR-type2 wt 0 51,8 M 80,7 281 12,5 5,82 574 no no

P033C PC033 PMF CALR-Type33 CALR-type2 wt 0 43,2 F 71,5 236 12,2 11,5 1850 no yes

P034A PA034 PMF JAK2-V617F JAK2-V617F K700E 59 0 F 54,7 127 10,4 7,68 247 no no

P037B PB037 PMF CALR-Type12 CALR-type2 wt 0 43,8 M 74,8 181 14,7 9,29 1145 no no
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P039C PA039 PMF CALR-del52 CALR-type1 wt 0 65,1 F 56,5 202 NA NA NA NA NA

P040B PB040 PMF CALR-del52 CALR-type1 K666N 0 70,2 M 72,8 191 14,2 9,51 600 no no

P041C PA041 PMF CALR-ins5 CALR-type2 wt 0 NA F 74,6 132 12,3 10,35 546 no no

P042A PA042 PMF JAK2-V617F JAK2-V617F wt 44 0 M 58,8 192 13,2 15,57 679 no no

P044A PA044 PMF JAK2-V617F JAK2-V617F wt 62 0 F 78,3 142 12,3 19,01 872 yes no

P046C PC046 PMF JAK2-V617F JAK2-V617F wt 10 0 M 72,7 93 14,1 15,49 635 yes yes

P048A PA048 PMF CALR-ins5 CALR-type2 K666T 0 NA M 53,4 241 14,5 9,98 716 no no

P051D PD051 PMF CALR-Type14 CALR-type1 wt 0 NA M 79 261 13 7,8 682 no no

P053A PA053 PMF JAK2-V617F JAK2-V617F wt 46 0 F 54,2 137 14 8,22 646 no no

P055C PC055 PMF CALR-ins5 CALR-type2 K700E 0 49,5 F 61,8 293 10,4 5,7 604 no no

P056A PA056 PMF JAK2-V617F JAK2-V617F wt 40 0 F 43,7 166 13,7 9,2 803 no no

P058A PA058 PMF JAK2-V617F JAK2-V617F K700E 59 0 F 77,6 56 10,7 9,8 370 no yes

P059B PB059 PMF JAK2-V617F JAK2-V617F wt 32 0 M 47,2 170 16 10,2 810 no no

P060A PA060 PMF CALR-del52 CALR-type1 wt 0 50,1 M 50,7 NA 14 8,19 874 no no

P060B PB060 PMF CALR-del52 CALR-type1 wt 0 50 M 56,3 144 14 8,19 874 no no

P064A PA064 PMF JAK2-V617F JAK2-V617F K666R 21 0 M 80,5 159 13,2 6,9 621 no yes

P065C PC065 PMF CALR-ins5 CALR-type2 wt 0 46,2 F 49,7 380 11,8 20,6 1440 no no

P067A PA067 PMF JAK2-V617F JAK2-V617F wt 44 0 M 71,3 64 9 3,11 393 yes no

P069A PA069 PMF JAK2-V617F JAK2-V617F K700E 62 0 M 62,4 87 8,8 5,33 161 no no

P073A PA072 PMF JAK2-V617F JAK2-V617F wt 29 0 F 50,1 196 14,7 7,7 1095 no no

P074B PB073 PMF JAK2-V617F JAK2-V617F wt 22 0 M 70 108 15,1 14,39 1322 no no

P075A PA074 PMF JAK2-V617F JAK2-V617F wt 53 0 M 68,1 147 12,7 39,26 199 no no

P077C PC076 PMF CALR-del52 CALR-type1 wt 0 52,9 M 56,4 397 15,7 7,9 785 no no

P078A PA077 PMF JAK2-V617F JAK2-V617F wt 52 0 M 69,2 259 14,6 8,1 524 no yes

P080B PB079 PMF CALR-del52 CALR-type1 wt 0 50,7 F 37 128 11,5 8,14 977 no no

P082B PB081 PMF CALR-del52 CALR-type1 wt 0 47,1 F 39,8 110 11,5 5,82 243 no no

P085A PA084 PMF CALR-Type19 CALR-type1 wt 0 51,4 F 44 98 13,4 5,78 824 no yes

P087A PA086 PMF JAK2-V617F JAK2-V617F wt 41 0 M 55,4 27 6,6 4,8 125 no no

P089B PB088 PMF JAK2-V617F JAK2-V617F wt 65 0 F 45 89 13,5 7,95 326 yes no

P090A PA089 PMF JAK2-V617F JAK2-V617F wt 34 0 F 49,5 99 12,9 10,6 850 no no

P093A PA091 PMF JAK2-V617F JAK2-V617F wt 46 0 F 73,2 75 11,9 8,5 524 no no

P094B PB092 PMF JAK2-V617F JAK2-V617F wt 82 0 M 72 75 13,6 9,17 612 yes yes

P096A PA094 PMF CALR-ins5 CALR-type2 wt 0 44,4 F 61,3 181 12,3 10,3 567 no no

P098A PA086 PMF CALR-del52 CALR-type1 wt 0 21,29 F 69,1 56 13,1 13,39 1131 no no

P099A PA097 PMF CALR-del52 CALR-type1 wt 0 53,9 M 70,2 75 15 9,81 536 no no

P100A PA098 PMF JAK2-V617F JAK2-V617F wt 51 0 M 73,6 103 11,8 6,82 220 no no

P104A PA102 PMF JAK2-V617F JAK2-V617F wt 20 0 F 64 72 13,8 9,48 689 no no

P105A PA103 PMF JAK2-V617F JAK2-V617F wt 34 0 F 70,5 70 15,2 12,05 566 no no

P106A PA104 PMF CALR-Type7 CALR-type2 wt 0 56,9 M 84,6 73 10,4 8,09 402 yes no

P107A PA105 PMF JAK2-V617F JAK2-V617F wt 81 0 M 72,8 57 11,2 12,3 1262 no no

P002A PA002 PV JAK2-V617F JAK2-V617F wt 88 0 F 84,6 67 NA NA NA NA NA

P007B PA007 PV JAK2-V617F JAK2-V617F wt 87 0 M 64,5 200 NA NA NA NA NA

P012B PB012 PV JAK2-ex12 JAK2-ex12 wt 41 0 F 67 95 NA NA NA NA NA

P017B PB017 PV JAK2-V617F JAK2-V617F wt 100 0 F 50,9 262 NA NA NA NA NA

P024A PA024 PV JAK2-V617F JAK2-V617F wt 100 0 M 64,7 245 NA NA NA NA NA

P025A PA025 PV JAK2-V617F JAK2-V617F wt 98 0 F 48,1 40 NA NA NA NA NA

P038A PA038 PV JAK2-V617F JAK2-V617F wt 63 0 M 67,7 212 NA NA NA NA NA

P043C PC043 PV JAK2-V617F JAK2-V617F wt 49 0 F 60,9 207 NA NA NA NA NA

P063A PA063 PV JAK2-V617F JAK2-V617F wt 99 0 M 68 326 NA NA NA NA NA

P071A PA070 PV JAK2-V617F JAK2-V617F wt 82 0 F 37,7 173 NA NA NA NA NA

P072A PA071 PV JAK2-V617F JAK2-V617F wt 66 0 F 67,7 40 NA NA NA NA NA

P084A PA083 PV JAK2-V617F JAK2-V617F wt 91 0 M 72,2 93 NA NA NA NA NA

P086A PA085 PV JAK2-V617F JAK2-V617F wt 94 0 M 69,7 103 NA NA NA NA NA

P088A PA087 PV JAK2-V617F JAK2-V617F wt 95 0 M 63,7 172 NA NA NA NA NA

P091A PA090 PV JAK2-V617F JAK2-V617F wt 95 0 F 76,1 76 NA NA NA NA NA

P095A PA093 PV JAK2-V617F JAK2-V617F wt 64 0 F 72 82 NA NA NA NA NA

P102A PA100 PV JAK2-V617F JAK2-V617F wt 100 0 M 60,1 71 NA NA NA NA NA

P108A PA106 sAML JAK2-V617F JAK2-V617F wt 49 0 F 85,2 NA NA NA NA NA NA

P109A PA107 sAML JAK2-V617F JAK2-V617F wt 56 0 M 73,4 NA NA NA NA NA NA

P110A PA108 sAML JAK2-V617F JAK2-V617F wt 56 0 F 78,8 NA NA NA NA NA NA

P111A PA109 sAML JAK2-V617F JAK2-V617F wt 1,6 0 M 71,3 NA NA NA NA NA NA

P112A PA110 sAML JAK2-V617F JAK2-V617F wt 94 0 M 56,6 NA NA NA NA NA NA

P113A PA111 sAML JAK2-V617F JAK2-V617F wt 71 0 M 74,3 NA NA NA NA NA NA

P114A PA112 sAML JAK2-V617F JAK2-V617F wt 65 0 F 73,2 NA NA NA NA NA NA

P115A PA113 sAML JAK2-V617F JAK2-V617F wt 98 0 F 73,9 NA NA NA NA NA NA

P116A PA114 sAML MPL MPL wt 0 0 M 82,8 NA NA NA NA NA NA


